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SCALE EFFECT ON SHEAR BEHAVIOR OF UNIFORM SOFTROCKS IN
TRIAXIAL COMPRESSION TESTS

TANI, Kazuo, Yokohama National University

A series of triaxial compression tests were conducted on both artificial softrocks and sedimentary

softrocks.
effect on shear behaviors of softrocks.
cracks and invisible closed joints.
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STUDY ON APPLICABILITY OF MULTIPLE-STEP LOADING DAMAGE MODEL
USING SILTSTONE

KIMURA, Makoto, Yokohama National University

Multiple-step loading triaxial compression test (ML-TCT), which was proposed by Kovari in 1975, requires only a
single specimen on which shear strengths are obtained for several confining pressures to evaluate shear strength
parameters. However some questions are raised on this ML-TCT method; 1) possible underestimation of shear strengths
due to accumulated damage, 2) influence of stress paths and number of loading cycles, and so on. The aim of this study
is to establish a multiple-step loading damage model (MLD-model) to answer the above-mentioned questions. A series
of ML-TCT are carried out on siltstone to investigate the applicability of the proposed MLD-model.
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PROPOSAL OF NOVEL STRAIN MEASUREMENT
FOR IN-SITU TRIAXIAL TEST

Masafumi Kishi,Yokohama National University

An in-situ triaxial test was proposed to measure stress-strain relationship directly in the field. The shape
of the specimen for this test is a hollow cylindrical one prepared in the bottom of borehole. This test is
more advantageous than conventional field tests on rock masses sach as plate loading tests and rock shear
tests. Because both strength and deformation characteristics can be obtained by the proposed test. But this
test has some disadvantages. For example, strain measurement and preparetion of specimens are more
difficult than those for laboratory triaxial tests. This study proposes a simpler test method introducing a
solid cylindrical specimen without a center small borehole together with a novel instrumentation
technique to measure distribution of axial and radial strains.
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DOWN-HOLE TRIAXIAL TEST TO MEASURE AVERAGE
STRESS-STRAIN RELATIONSHIP OF ROCK MASS

Kazuo Tant, Tagasal Nozaki), Susumu KANEKOH),
YosHINORI Tovo-0kall) and HIDEO TACHIKAWA

ABSTRACT

A new field test method was proposed for the purpose of measuring average stress-strain relationships of rock
masses. The test is conducted on a hollow cylindrical specimen prepared at the bottom of a drill-hole. Average axial as
well as lateral strains can be measured in a center hole and an outer slit by a novel technique of instrumentation for
cavity deformation.

A set of test equipment for this test method was developed at Central Research Institute of Electric Power Industry,
CRIEPI, in Japan for prototype tests. Specimens of 400 mm in outer diameter and 1050 mm in height can be sheared
under confining pressures as high as 5.0 MPa. Accuracy of strain measurements was designed to be of the order of
1074,

Trial series of tests were carried out at the site of rhyolitic tuffacious rock formation. The results, similar to conven-
tional laboratory triaxial tests, proved that the proposed test method was successful to measure average stress-strain
relationships of large rock specimens. Considering the significant size of the specimens, the volume of rock involved in
the tests is of the same order or greater than those in conventional field rock tests, such as plate load tests and rock
shear tests. As a consequence, the test results are considered as representative in evaluation of strength and deforma-
tion characteristics of rock masses but not rock cores.

Key words: deformation, field test, rock mass, shear strength, test equipment, test procedure, triaxial test (IGC:
C3/F6)

Apart from deformation characteristics, strength

INTRODUCTION characteristics of rock masses are investigated separately,

Evaluation of deformation characteristics of rock
masses is rather difficult because of their heterogeneous
and/or discontinuous natures causing various engineer-
ing issues such as scale effect, quality of sampling and so
forth. Thereby, large-scale field tests, e.g. plate load tests
and pressuremeter tests, are commonly conducted in
practical site investigation. Some of the main problems
associated with these field loading tests are stated as
follows (Tani, 1994):

(1) Stress and strain relationships of tested rock mass
are not measured directly. Relevant analyses to
deduce deformation properties are of an inverse
nature;

(2) Variations of load/stress paths are' limited as
determined by specific loading conditions, and;

(3) Test results may significantly be affected by stress
relief and disturbance of the prepared surfaces to
be loaded, leading to erroneous measurements of
rock mass behavior.

B
i)

i)

Central Research Institute of Electric Power Industry, Japan.
Kiso-Jiban Consultants Co., Ltd., Japan.

™ Tachikawa-Kikai Co., Ltd., Japan.
Manuscript was received for review on August 19, 2002.

in general, by rock shear tests. It would be convenient,
however, if both strength and deformation characteristics
could be evaluated by a single field test method similar to
laboratory element tests. Furthermore, a recent study has
revealed the fact that shear strengths might be underesti-
mated by rock shear tests due to possible involvement of
tensile failures if tests are conducted under low initial
normal stresses (Tani, 1998). It should also be noted that,
there has been no appropriate test method to measure
shear strengths of rock masses in deep ground, because
large-scale loading tests to cause shear failure of deep
rock masses are considered as too costly and impossible
on a practical level.

DOWN-HOLE TRIAXIAL TEST

Concept of Down-Hole Triaxial Test
A novel testing technique of a down-hole triaxial test
was proposed in 1997 (Tani, 1999). The purpose is to

Department of Civil Engineering, Yokohama National University, Japan (tani@cvg.ynu.ac.jp).

Written discussions on this paper should be submitted before May 1, 2004 to the Japanese Geotechnical Society, Sugayama Bldg. 4F, Kanda
Awaji-cho 2-23, Chiyoda-ku, Tokyo 101-0063, Japan. Upon request the closing date may be extended one month.
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Fig. 1. Down-hole triaxial test on a hollow cylindrical specimen

directly measure stress and strain relationships of deep
rock masses, from the beginning of shear straining to the
post-failure stage under different confining pressures.

Figure 1 schematically shows the proposed test
method. This test method is typically characterized as
down-hole loading tests on rock specimens prepared in a
hollow cylindrical shape. Preparation of a hollow cylin-
drical specimen at the bottom of a drill-hole can be
achieved by drilling a center hole and a concentric outer
slit using conventional rotary drilling machinery with
diamond bits. This subjects the rock specimen to minimal
disturbance with the least influence of vibration or
impact.

The loading configuration is a combination of pres-
suremeter tests and plate load tests. Hydraulic pressures
are applied on lateral surfaces of the specimen through
flexible rubber membranes, whereas axial force is loaded
on arigid plate, i.e. a cap. In other words, the top surface
of the specimen is loaded axially while both inner and
outer sides are pressurized laterally. By keeping the two
pressures in the center hole and the outer slit identical, pi,
= Pout, the triaxial stress condition can be achieved. These
lateral pressures are regarded as a confining pressure, o,
(=Piw=Dou), and the specimen is brought to failure by
axial stress, o,. If the axial stress is greater than the
confining pressure, ¢,> 0., the test is considered a triaxial
compression test, while the opposite situation, c.<o.,
renders it a triaxial extension test. It should be noted that,
no rigid strong body of a cylindrical cell is needed to
sustain high confining pressures, because the surrounding

rock mass takes all the reaction forces induced by the
outer pressures, Poy.

Since rock masses may behave as a heterogeneous or
discontinuous body, it is important to measure global/
average deformations even though they may suffer to
some extent from peculiar localized deformation. The
hollow cylindrical specimen allows the measurements of
global/average behavior, i.e. axial as well as lateral
deformations, on the lateral surface in the center hole. A
novel technique of instrumentation for cavity deforma-
tion was invented for these measurements. The same
technique is used to measure lateral deformations in the
outer slit.

Test Procedure of Down-Hole Triaxial Test ,
Figure 2 illustrates the test procedure for the proposed
test method. The test starts with drilling the bottom of
the drill-hole into a hollow cylindrical shape, hereafter
denoted as Drilling stage. Then, this hollow cylindrical
rock specimen is loaded axially while being pressurized
laterally, hereafter denoted as Loading stage. Finally, the
sheared specimen is retrieved out of the drill-hole to the
ground surface, hereafter denoted as Lifting stage.

In the Drilling stage, firstly, the bottom of the drill-
hole is prepared as a flat surface that will serve as the top
of the specimen. A conventional rotary drilling technique
is used for drilling a center hole of a small diameter and
an outer slit of a large diameter with some suitable width.
From the center hole, a drilled core can be obtained
which can provide useful information of the tested
ground.

In the Loading stage, firstly, an inner cell and an outer:
cell are inserted into the center hole and the outer slit;;
respectively. The former is a solid cylinder, while the
latter is a hollow cylinder, both of which are equipped
with rubber membranes on their lateral sides. Hydraulic
pressures, pi, and poy, are provided to both inner and
outer cells to apply lateral pressures on the sides of the
specimen through the rubber membranes. At the same
time, axial force, Q, is loaded on the cap which is placed
on the specimen.

After the Loading stage, the specimen is cut at its
bottom, and lifted to the ground surface for further ob-
servation, thus the Lifting stage. Close inspection is then
conducted to collect any useful information as for heter-
ogeneity, discontinuity and shear bands/fractures in the
rock specimen. The purpose is two-fold: (1) to judge if
the tested specimen is representative of the surrounding
rock mass of interest, and (2) to examine its failure
mechanism which may help improve interpretation of the
test results. .

Advantages and Disadvantages of Down-Hole Triaxial
Test .

The following five features can be pointed out as
advantages of the down-hole triaxial test. ;

(1). Complete triaxial stress states, namely the major
and minor principal stresses, are determined definitely,
and various stress paths can be chosen as appropriate. It
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Fig. 2. Test procedure of down-hole triaxial test

should be noted that, for neither plate load tests nor pres-
suremeter tests, can the stress states within the tested rock
ground be known precisely. In addition, in rock shear
tests, only average normal and shear stresses on the in-
tended shear plane are measured; thus, the Mohr’s stress
circles at failure are not known.

(2) The relationship of average stresses and average
strains of rock masses can be measured precisely. Axial
displacement measurements are carried out at separate
depths in the mid-section of the specimen but sufficiently
away from both ends. This technique is ideal for deriving
the precise average axial strains of the specimen, because
unwanted influences of bedding errors on and near the
top . surface, possible settlements of the underlying
ground, and bottom restraints can all be eliminated.

(3) The proposed test, categorized as a down-hole
test, can be conducted at any depth, from near surface,
shallow ground to deep ground. It should be noted that
some of existing field tests, e.g. plate load tests or rock
shear tests, are extremely expensive if conducted in deep
ground, because excavation of exploratory- tunnels is
needed.

(4) The specimen of a hollow cylindrical shape can be
prepared solely by rotary drilling with  diamond bits,
which causes very little vibration or impact. A careful
drilling operation subjects the specimen to practically no
disturbance except the unavoidable effect of stress relief.
As a consequence, this test is considered as applicable for
even some difficult rock types, such as severely jointed or
weathered/altered rocks where it is difficult to obtain
large undisturbed samples, or sedimentary softrocks in
which, despite their uniform nature, sample disturbance

is often questionable due to the rock weakness (Tani et
al., 1998; Tatsuoka and Shibuya, 1992).

(5) A drilled core of a small diameter can be obtained
from the center hole providing useful information
concerning the ground to be tested. Thereafter, a final
decision can be made as to whether the test location/
depth is suitable or not. Furthermore, if the tested speci-
men is retrieved from down-hole, the failure mechanism
can be examined for better interpretation of the test
results.

On the contrary, the following four features can be
pointed out as disadvantages of the down-hole triaxial
test.

(1) The continuous nature of the specimen’s bottom
to the ground inevitably prohibits drainage control on the
boundary. The exact drainage condition within the speci-
men during shear process cannot be known anyhow.

(2) Information on volume change of the specimen,
volumetric strains, cannot be obtained as easily as
equivalent laboratory triaxial tests, where a simple
technique of measuring volume of pore water drainage is
popular if the specimen is fully saturated. This difficulty,
however, can be resolved somehow by measuring lateral
deformation, i.e. radial expansion/contraction, on the
side of the specimen.

(3) In order to evaluate the anisotropic feature of
mechanical characteristics, the drilling/specimen axis
should be made oblique or horizontal. Some special
technique may be needed, such as a self-boring tech-
nique, in order to minimize the pre-shearing effect caused
by bending of the specimen due to its own weight.

(4) The conceivable scale of the test should be
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sufficiently large to evaluate behavior of rock masses
rather than rock cores. When the test is large-scale, there
might be some criticism that this test, in practice, may be
excessively costly for ordinary engineering purposes. The
authors, however, believe that, the enormous advantages
over all the existing field rock tests guaranteed by the
proposed test method will easily override cost considera-
tions.

DEVELOPMENT OF TEST EQUIPMENT AT CRIEPI

A set of test equipment was developed at Central
Research Institute of Electric Power Industry in Japan,
denoted as CRIEPI, at the end of 1998 (Okada et al.,
2003). With very little experience of designing similar ap-
paratus, the first test equipment was cautiously designed
for near surface or shallow testing, say up to a few meters
deep, rather than for deep testing. Because, even with
state-of-the-art drilling technology, it was not certain
how accurately the hollow cylindrical specimen could be
prepared at the bottom of a drill-hole with respect to ge-
ometry.

The size of specimens is determined so that the test
results can be considered for rock masses rather than for
rock cores, thus designed to be 86 mm in the inner
diameter, 400 mm in the outer diameter, and about
1050 mm high. The maximum lateral pressure is 5.0
MPa, while the maximum axial force is 8000 kN, which is
approximately 66 MPa in terms of the maximum axial
stress.

Loading System

Figure 3 illustrates the structure and composition of
the test equipment. It is mainly comprised of an inner
cell, an outer cell, a cap with a load cell, and a set of
hydraulic jacks for axial force.

Photograph 1 shows the inner and outer cells. The
inner cell is a solid cylinder of diameter 86 mm and
1250 mm long, covered with a rubber membrane; thus
similar to a pressuremeter probe. The outer cell is a hol-
low cylinder of inner diameter 400 mm, outer diameter
560 mm and 1140 mm long, with its inner and outer sides
being covered with rubber membranes. The outer rubber
membrane of the outer cell is introduced to make the best
use of the surrounding rock mass as a pressure cell. Two
hydraulic pumps are connected to both cells to apply
lateral confining pressures, as high as 5.0 MPa, on the
sides of the specimen. Near the top of both cells, where
the rubber membranes are bound, sliding guides are
equipped to allow axial movements up to 50 mm against
the cell bodies. This was to make the rubber membranes
adapt themselves freely in accordance with axial defor-
mations of the specimen.

The rigid cap is equipped with a center-hole type load
cell for measurement of axial force. Four hydraulic jacks,
whose capacities are 2000 kN for each, are used to apply
the axial force. Between the cap and the hydraulic jacks,
alarge spherical joint is placed to eliminate any unwanted
moment forces.
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Fig. 3. Structure and composition of test equipment

Photo. 1. Inner cell and outer cell
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Instrumentation

As shown in Fig. 3, two pressure transducers placed at
the inlets of both cells measure the inner pressure, py,, and
the outer pressure, pos. These two pressure values are
controlled as identical to achieve the triaxial stress condi-
tion, thus regarded as lateral confining pressures, o..

The average axial stress, o, is calculated by the follow-
ing equation;

- Q + W—pinAin ’ipoutAout
A

where O is the measured axial force at the load cell on
the cap, W, (=3.465 kN) is the weight of the cap, A
(=37.1cm?) and A, (=333.8cm?) are the apparent
areas supporting the cap by inner and outer pressures
respectively, and A4; (Ago=1198.8 cm® before consolida-
tion) is the cross-sectional area of the specimen.

Accurate measurements of both axial and lateral defor-
mations of the specimen are important for this test
method. It should be noted that, for practical engineering
purposes, global/average strain measurements within
some wide ranges/distances where deformations can be
deemed as practically uniform, are more preferable than
local strain measurements within any limited ranges/dis-
tances. Because the latter measured results would not
represent the global/average behavior of the rock masses,
but might suffer from peculiar localized deformations
due to possible heterogeneous and/or discontinuous
natures within the specimens.

As shown in Fig. 3, a set of displacement transducers,
four LVDTs placed on the edge of the cap at 90 degrees
intervals, measure the average axial settlements of the
cap. This measurement is intended to monitor the move-
ments of the cap for the control of the hydraulic jacks,
but not to measure the average axial strains of the speci-
men. Because the measured settlements inevitably include
unwanted apparent displacements due to bedding errors
on the boundary between the cap and the specimen’s top
surface, possible settlements of the underlying ground,
and the influence of the bottom restraints. Therefore,
precise measurements should be made on the side of the
specimen, in the mid-section but sufficiently away from
both ends. A novel technique of instrumentation for cavi-
ty deformation, hereafter denoted as ICD, was invented
for this deformation monitoring (Tani and Tachikawa,
1998).

Figure 4 schematically explains the conceptual princi-
ple of ICD, This ICD utilizes magnetometers as detectors
of small pieces of permanent magnets as displacement
markers placed on a cavity wall. Both axial and lateral
deformations of the cavity wall at any longitudinal
locations can be monitored by this single system of ICD.
Axial movements of a permanent magnet placed on the
cavity wall can be measured by a magnetometer that
scans along the longitudinal direction. On the other
hand, lateral movements of a cavity wall, i.e. radial
expansion or contraction, are measured as changes of the
circumferences or arc lengths. Locations of two perma-
nent magnets, A and B, placed on both ends of an

a

For axial deformation For lateral deformation

Radial expansion
of cavity wall

Revolution indicator
Axial displacement

of cavity wall Center rod

Equidistant band-_|

R
~
Magnetometer A~} »

Permanent magnet A -1
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(Convert rotational movements
placed on cavity wall ]

into longitudinal movements)

Fig. 4. Conceptual principle of ICD (Instrumentation for Cavity
Deformation): (left) For axial deformation, (right) For lateral
deformation
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Fig. 5. ICD (Instrumentation for Cavity Deformation) in an inner cell

equidistant band which binds around the cavity wall can
be detected by magnetometers that scan along the circum-
ferential direction. Axial as well as rotational scanning
movements of all the magnetometers can be made by
rotation of a center rod that is monitored by a revolution
indicator; a screw jack is used to convert rotational
movements into longitudinal translations.

Figure 5 schematically shows the ICD system fitted in
the inner cell. Since the revolution indicator and the driv-
ing motor are placed outside the cell, they do not need to
be proof against cell pressures. Tiny pieces of samarium-
cobalt magnets, 3 mm in diameter, 1.5 mm high and with
a magnetic flux density of 200 mT on its surface, are used
for displacement markers. A set of sliding blocks with
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magnetometers travel back and forth in the longitudinal
direction for scanning the relevant permanent magnets
embedded on the surface of a rubber membrane pres-
surized against the cavity wall. Axial strains can be calcu-
lated from the measured differential movements of these
separate displacement markers. Also on the center rod, is
a rotational block with a magnetometer for scanning two
permanent magnets fixed on both ends of an equidistant
stainless band rounding the rubber membrane and
pressurized against the cavity wall. Lateral strains can be
calculated from the measured elongation or narrowing of
the gap between two ends of the band, i.e. the changes of
peripheral length or circumference of the specimen.

Figure 6 illustrates the locations of ICD measurements.
The hollow cylindrical specimen allows the measurements
of global/average behavior, i.e. axial as well as lateral
deformations, on the lateral surface in the center hole. In
addition, lateral deformations can also be measured in
the outer slit. Axial displacement measurements are car-
ried out at three depths in the mid-section of the specimen
but sufficiently away from both ends. Lateral displace-
ment measurements are conducted at two depths in both
the center hole and the outer slit. Ishibashi (1993)
conducted numerical modeling of a similar field triaxial
test with a solid cylindrical specimen by FE analyses, and
demonstrated that the bottom restraints had little in-
fluence on the accuracy of deformation measurements in
the mid-section of the specimen.

FIELD TEST

In 1999 after some trial tests, an attempt was made to
carry out a series of field tests using the test equipment
developed at CRIEPI.

Photo. 2. Top surface of prepared specimen (Test 2)

Table 1. Properties of the tested ground

Test results

1100-1300 m /sec.
2500-2900 m /sec.
1.85-1.96 g/cm®

Test method Properties

Geophysical logging P-wave velocity Vg
S-wave velocity Vp
Total density p,

Laboratory Water content w 21-25%
measurement Unconfined compression 4-9 MPa
on drilled core strength g,
Tensile strength by 0.7-1.2 MPa

Brazilian test o,

General Information on Test Site and Rock Ground

Field tests were carried out at the site of abandoned
open quarry in Ohya, about 100 km north of Tokyo.
Groundwater table was immediately below the ground
surface, as the site could be easily flooded by rain and a
small pool was found at slightly elevated level nearby.
The tested ground was Miocene deposit of rhyolitic
tuffacious rock formation, generally denoted as green tuff
formation or ‘Arame (Coarse)’ Ohya stone.

As preliminary site investigation, geological survey,
geophysical exploration of velocity loggings, and some
laboratory measurements and testing on drilled cores
were conducted. By geological survey, the rock forma-
tion appeared to. be fairly uniform and scarcely jointed.
But, as is commonly characteristic for hyaloclastite of
typical green tuff, the surface expression of the rock is
apparently heterogeneous. As shown in Photo. 2, dark
spots of several centimeters in diameters are included in.a
sporadic fashion. They are altered zones of clay minerals,
and often called Miso (soybean paste). Results of ge-
ophysical logging and laboratory measurements are
shown in Table 1. Judging from the values of unconfined
compression strengths, the rock is categorized as a
softrock.

Test Case

A total of seven tests, Test 1 to Test 7, were carried out.
Keeping the inner and outer pressures as identical, pin
Pow, various kinds of triaxial compression tests were
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Fig. 7. Stress control record for Test 2

attempted. These included six conventional single-step
loading triaxial tests (Test 1-4, 6, 7) and one multiple-
step loading triaxial test (Test 5; Kovari and Tisa, 1975).
Confining pressures, g., were set as 0.0 (i.e. uniaxial
condition), 0.4, 1.0, 2.0 and 3.5 MPa.

Preparation of Test Specimen

After a weathered layer of 0.3-0.5m thick was re-
moved from the ground surface, all the specimens were
prepared at depths of 0.2-1.3m. Ordinary drilling
machinery equipped with various transducers for in-
strumented drilling was used to prepare the hollow cylin-
drical specimens (Tani et al., 1998). As shown in Photo.
2, use of diamond bits for rotary drilling was found to be
successful for attaining a very smooth surface of the
specimen. Moreover, misalignment was observed as no
more than one millimeter. By setting centralizers close to
the ground surface, unwanted vibration of the core barrel
was adequately prevented within 0.1 mm for drilling the
center holes and 0.2 mm for drilling the outer slits. Since
the values of thrust and torque measured on the drilling
machinery were found to be minimal, it is justifiable to
conclude that the specimens were subject to practically no
disturbance whatsoever during the drilling operation.

The drilled cores, 66 mm in diameter, retrieved from
the center holes demonstrated that the rock mass was
generally continuous with scarce joints. The only excep-
tion, however, was the one used for the multiple-step
loading triaxial test (Test 5), where a single distinct joint
of discontinuity was observed at 340-346 mm from the
top of the specimen.

Test Result of Stress and Strain Relationship

Figure 7 shows the record of stress history for Test 2 as
an example of the single-step loading triaxial tests. After
isotropic consolidation of g.=py,=pow=1.0 MPa, axial
stress was increased at a constant rate of loading,
0.1 MPa/min., including some small unload-reload

10

Radial strain :e_

Deviator stress g (MPa)

T

Fig. 8. Relationship between average stresses and average strains for
Test 2

cycles. When the maximum axial force was recorded at
the peak state, the control system was switched from
stress-based to displacement-based in order to obtain the
stress-strain relationship up to a residual state.

The test result for Test 2, as the relationships between
the deviator stress, g=0,— 0., and the axial as well as
lateral strains, &, & and &, is shown in Fig. 8 (Tani,
2001). Axial strains, &, are calculated as average axial
strains measured within a mid-section which is 567 mm
long in the center hole. Circumferential strains, or hoop
strains, &g, are calculated as average values measured at
two depths in both inner and outer cells. In addition,
interestingly enough, radial strains, &, can be measured
for this test method, unlike equivalent laboratory triaxial
tests where solid cylindrical specimens are used. They are
calculated from the radial displacements at the inner and
outer sides of the specimen, which are otherwise esti-
mated from circumferential/hoop strains, &, assuming
axisymmetric condition.

Figure 8 clearly demonstrates that the proposed down-
hole triaxial test is successful in obtaining continuous
curves of average stress-strain relationships of rock
masses. As for ICD, accuracy of strain measurements is
estimated as of the order of 1074, limited by uncertainties
in locating magnet markers by means of magnetometers.
In order to assess the representativeness of strain meas-
urements by ICD, axial as well as circumferential /hoop
strains, &, and €y, were also measured by strain gages
glued on the outer side of the specimen. Figure 9 com-
pares the strain values, &, and g, by ICD and those by
strain gages, respectively. Some data of strain gage
measurements are missing for ¢=5.6-8.9 MPa due to
recording trouble. Strain values by these two techniques
are comparable up to 0.2-0.4%, but larger strain values
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Fig. 9. Comparison of strain values by ICD and those by strain gages
for Test 2

are recorded by ICD for a residual state after the peak. It
should be noted that strain gages with a limited gage
length of 90 mm are not suitable for measurements of
larger deformations where localized deformations
become more evident. Consequently it may be justifiable
to conclude that ICD is superior to strain gages for meas-
urement of overall stress and strain relationships
representing global/average behavior of the specimen
throughout the test from the beginning of loading up to
the residual stage.

Test Result of Strength and Deformation Characteristics

Figure 10 demonstrates the stress points at peak and
residual states together with deduced Mohr-Coulomb’s
failure criteria. The peak strength parameters are found
as ¢=2.9 MPa, ¢=18°or single-step loading triaxial
tests, while lower values ¢= 1.8 MPa, ¢ = 17°are obtained
from a multiple-step loading triaxial test (Test 5). The
discrepancy is probably due to the weaker specimen for
Test 5, which exceptionally includes a distinct joint in the
middle. Moreover, the residual strength parameters are
found as Cres=1.2 MPa, ¢, =29° for single-step loading
triaxial tests. Although further studies are needed regard-
ing scale effect and/or influence of drainage condition
(Nakajima et al., 2000), it may be justifiable to conclude
that strength values of heterogeneous rock masses can be
evaluated with reasonable confidence by using specimens
of a significantly large size.

Figure 11 demonstrates the relationships of secant
Young’s modulus, E,., and Poisson’s ratio, v, versus
shear stress ratio, ¢/g:, where g; denotes the deviator
stress at the peak state. Note that all these deformation
properties were calculated with the strain data measured
by ICD, namely the axial strains, &,, in the inner cell, and
the circumferential /hoop strains, &, in the outer cell. The
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Fig. 10. Strength characteristics by down-hole triaxial tests: (1) Peé
strength, (2) Residual strength

continuous degradation of the secant Young’s modu
with shear deformations can be clearly seen. On the othe
hand, the Poisson’s ratios, v, increase from 0.1-0.3 in th
beginning, ¢/q:=0, to 0.3-0.6 at the peak state, g/g:
1.0. These varying trends of deformation properties wit
shear deformations, i.e. non-linear nature of stress an
strain relationships, are generally agreeable with th
results of laboratory triaxial compression tests Ol
retrieved small samples (Nakajima et al., 2000)
However, it is worthwhile to note that the initial secan
Young’s modulus, Eg.;=2200-3500 MPa, at the begin
ning of the shear process, g¢/q;=0, was found to be muc
lower than those expected from the elastic wave veloc
ties, ¥, and V,, measured in the field, E;=6000-800
MPa. This discrepancy is probably attributed to the fac
that E; by velocity measurements generally represents the
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stiffer parts of the heterogeneous rock mass, as the travel
time is evaluated by the fastest elastic wave propagating
through the ground, while Ei.,; represents the global/
average stiffness of the whole specimen under loading.

Fuailure Mechanism

All the specimens were retrieved to the ground surface
after the Loading stage. As shown in Photo. 3, the speci-
men exhibited several shear bands which were steeply
oblique, bearing some 50 to 65 degrees from the horizon,
in the middle heights. Compared to equivalent laboratory
triaxial tests, the general features are more or less com-
mon as regards to their failure mechanisms. For example,

train gages

Photo. 3. Test specimen retrieved after Loading stage (Test 2)

it might be interesting to note that fewer, but more
noticeable, failure planes were observed in the specimens
loaded under lower confining pressures. The only excep-
tion is that, an increased number of multiple shear bands
was observed in large specimens for down-hole triaxial
tests, whereas only a few shear bands are observed in

~much smaller specimens for laboratory triaxial tests.

CONCLUSIONS

A new field test method, a down-hole triaxial test, was
proposed for the purpose of directly measuring average
stress-strain relationships and to investigate strength and
deformation characteristics of rock masses even in deep
ground. The test was conducted on a hollow cylindrical
specimen prepared at the bottom of a drill-hole. Average
axial as well as lateral strains could be measured in the
center hole and the outer slit by a novel technique of in-
strumentation for cavity deformation, denoted as ICD.

In 1998, a set of prototype test equipment for this test
was developed at CRIEPI in Japan. It was designed for
practical purposes of geotechnical site investigations for
constructions of nuclear power plants, large dams, and

large caverns for power stations. Specimen of 400 mm in

outer diameters and 1050 mm in height can be sheared
under confining pressures as high as 5.0 MPa. Accuracy
of strain measurements was designed to be of the order of
1074,

In 1999, a trial series of tests were carried out at a site
of rhyolitic tuffacious rock formation. The results proved
that the proposed test method was successful in obtaining
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complete relationships of average stresses and average
strains of large rock masses up to the residual state for the
first time in the world. The retrieved specimens after
Loading step proved the tests had been conducted in
shearing under correct triaxial stress condition. Consider-
ing the significant size of the tested specimens, the volume
of rock involved in the tests is of the same order or great-
er than those in conventional field rock tests, such as plate
load tests and rock shear tests. As a consequence, the test
results are considered as representative in evaluation of
strength and deformation characteristics of rock masses
but not rock cores.

Although the expected costs for this test on large rock
specimens may be much greater than conventional field
loading tests, the proposed method is far more advan-
tageous as the average stress-strain relationships of rock
masses can be evaluated confidently. If large specimens
can be prepared down-hole in deep ground, accurate
evaluation of strength and deformation characteristics of
deep rock masses can be made practicable.

The author believes that the proposed down-hole triax-
ial tests will substitute for plate load tests, rock shear
tests, and pressuremeter tests for rock ground investiga-
tion in the near future. In order to progress this test
method, further studies are needed to enhance applicabil-
ity to discontinuous rocks, to reduce costs, and to im-
prove accuracy of deformation measurements. Improve-
ment is underway to eliminate the center hole by in-
troducing a new technique for measurement of strain
distribution on the lateral surface of the specimen (Kishi
and Tani, 2003).
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