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ABSTRACT: Anisotropies of shear properties were examined for saturated and unsaturated soils. Induced anisotropy arises when an
anisotropic stress is applied to a soil. Using a hollow cylinder torsional shear apparatus, cohesive saturated and unsaturated specimens were
anisotropically consolidated in different directions. Then the shear strengths under an undrained condition for saturated soil and a constant
water content condition for unsaturated soil were measured using those specimens. Inherent anisotropy develops from the orientation of soil
particles during sedimentation. Specimens with different depositional angles were extracted from sand samples deposited in an inclined
container. Finally, the shear properties under a drained condition for saturated sand and a constant suction condition for unsaturated sand were
evaluated using the triaxial apparatus. The experimental results indicate that anisotropy, especially of the shear strength, is present for both the
cohesive soil and the sand. However, shear strength anisotropy is lesser for the cohesive soil in the unsaturated condition than in the saturated

condition.
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1. INTRODUCTION

Casagrande and Corrilo (1944) defined two types of anisotropy in
soils: (stress-) induced and inherent anisotropy. Induced anisotropy,
which occurs when stresses and/or strains are applied to soils, is
especially predominant in cohesive soils. Inherent anisotropy, which
is engendered from soil particles’ fabric created during soil
sedimentation, is especially predominant in sandy soils.

It is well known that the shear strength is dependent on the
direction of shear because of mechanical anisotropy of soils. The
shear direction is changing even along one slip surface. For cohesive
soils, Bjerrum (1972, 1973) demonstrated that strength properties are
altered by stress conditions induced by triaxial compression, triaxial
extension, and direct shear tests. Therefore, he recommended that
suitable experiments which approximate the stress condition in the
actual soil, should be used for ground stability analyses. Ladd and
Foott (1974) conducted various shear tests using clay. The SHANSEP
procedure, where the use of shear tests corresponding to the direction
of shear is recommended, was developed to avoid unsafe conditions
for design.

Studies have been made on specimens trimmed at various angles
from a vertically consolidated remoulded clay sample (Mikasa et al.,
1984) and from an undisturbed clay sample (Adachi et al., 1991).
Mikasa et al. (1984) emphasized that unconfined compression
strength decreased when a specimen’s axial direction approaches the
samples’ horizontal directions. Results of undrained triaxial
compression tests from Adachi et al. (1991) exhibited similar trends
to those reported by Mikasa et al. (1984).

For sandy soils, Oda (1972) demonstrated that the inherent
anisotropy is related to both the shape of the constituent grains and
the mode of deposition. Arthur and Menzies (1972) investigated the
inherent anisotropy caused by depositional angle differences.
Yamada and Ishihara (1979) also conducted true triaxial tests on
cuboidal loose sand specimens and found that inherent anisotropy
strongly affected deformation characteristics of sand in the small
shear strain range. Guo (2008), using results of modified direct shear
tests with different angles of sedimentation, demonstrated that the
particle shape and the direction of orientation dominated the degree
of anisotropy. Tong et al. (2014) specifically examined inherent
fabric anisotropy by investigating effects of the bedding plane on the
peak friction angle using direct shear tests. Other studies (Oda et al.,
1978; Ochiai and Lade, 1983; Wong and Arthur, 1985) have also
revealed that inherent anisotropy has important effects on strength
and stress—strain relationships of sands.

Detailed understanding of the anisotropy of saturated soils has
been achieved and has been used to solve many geotechnical

engineering problems such as underground structure design and
ground deformation prediction. However, little knowledge exists on
the anisotropy of unsaturated soils. Hence, the anisotropy of shear
properties of saturated and unsaturated soils are examined in this
study.

Torsional shear and triaxial tests were conducted using
reconstituted cohesive soil and sand specimens to elucidate how
strength anisotropy appears under saturated and unsaturated
conditions. The specimens were anisotropically consolidated at
various directions to create anisotropy for cohesive soil. For sand, the
specimens’ depositional angles were controlled in various directions.
Moreover, mechanical properties of saturated and saturated soils were
compared.

2. EXPERIMENTS
2.1 Materials

The cohesive soil used for this study is a lateritic soil designated as
Yoneyama sandy silt. Yoneyama sandy silt includes grains of widely
various sizes and contains no less than 20% sand. Toyoura sand,
which is Japanese standard sand, was used as the test material for
sand. Toyoura sand is a sub-angular to angular poorly graded fine
quartz rich sand. Two principal dimensions (major axis L and minor
axis W) of sand particles were measured from the 2-D optical
microscope image to ascertain the sand particle shape. The sand
particles are irregular circles because the aspect ratio L/W is
distributed from 1.0 to 1.6; the average value of L/W is about 1.5 (Le
et al., 2018). The grain size distribution curves and the physical
properties of the soils are presented in Figure 1.

2.2 Specimen preparation

Yoneyama sandy silt and de-aired water were mixed and stirred well
to produce slurry. The slurry water content was about 80%, which is
about 1.6 times its liquid limit. Pre-consolidation using this slurry was
performed one-dimensionally in a mould under 45 kPa vertical
pressure. This vertical stress was selected from the minimum vertical
stress at which the specimen can maintain its shape during trimming.
The water content of the consolidated soil block was about 40%. The
hollow cylindrical specimen, with 80 mm outer diameter, 50 mm
inner diameter, and 160 mm in height, was formed by trimming from
this soil block. The parameters, A and x;, which respectively denote
the slopes of normal compression and unloading—reloading lines in
specific volume v and In p’ plane, were 0.072 and 0.014 under
isotropic stress conditions for Yoneyama sandy silt.
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Figure 1 Testing soils: (a) grain size distributions and their physical
properties and (b) water retention curves

Figure 2 depicts a rectangular container used to make samples of
Toyoura sand with different depositional angles by changing the
inclination and the position of its walls. Angles « of 0°, 22.5°, 45°,
67.5°, and 90° (Figure 2) were chosen as the depositional angles used
for this study. The inherent anisotropy is related to the depositional
process during soil particle sedimentation. Therefore, specimen
preparation method plays a crucial role for mechanical properties of
soil with inherent anisotropy. “Air pluviation” method was used to
produce specimens with different depositional angles. Toyoura sand
was poured into the container through a sieve with mesh size of 450
pm. The falling height of sand was kept constant at about 425 mm
using a counter weight. Afterwards, the container full of sand was
immersed in water for 2 hours. Then, water was removed. The
remaining water in the sand sample was drained using a vacuum
pump at -10 kPa. The sand sample produced using this method can
stand by itself. Eventually, the cylindrical specimen, with 50 mm
diameter and 125 mm height, was trimmed as shown in Figure 2 from
the soil block under a basal plate being horizontally placed. This
method can easily create a specimen with inclined depositional angle.
The density of the specimen created was almost constant with relative
density Dr of about 85%.

2.3  Test procedures

Test procedures are described in this section. As a preliminary test,
the repeatability of the test performed was confirmed for some
representative cases. The details of the apparatuses used are presented
in the appendix.

2.3.1 Cohesive soil

The hollow-cylindrical torsional shear apparatus has a beneficial
feature: it has shear directions that are changeable by control of
stresses. The triaxial cell of the apparatus and its automatic control

system are the same as those introduced by Toyota et al. (2001). A
double-walled triaxial cell using an inner cell is introduced to measure
the change of outer diameter when experiments are conducted on
unsaturated soils. In this study, the inner cell was used to maintain
full saturation of the specimen for a long time by placing a thin layer
of silicone oil above the inner cell water to prevent air dissolution into
the inner cell water. Toyota and Takada (2012) demonstrated that air
dissolution of this type reduces the degree of saturation of the
specimen.

Inclined container
Movable side walls

Movable side walls

Basal plate for o = 67.5°, 90° Depositional plane ~ $Pecimen
— -
Depositional plane angle = =
a=0

=
Trimmed specimen?;&5 “/ </ g
‘
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S K250 mm
\* Basal plate for o = 0°, 22.5°, 45°

Figure 2 Inclined container and depositional angle

Angle « is the direction of the major principal stress relative to
the vertical axis and b represents the relative magnitude of the
intermediate principal stress. For instance, =0 and b=1 respectively
indicate stress conditions of triaxial compression and extension. The
values of « and b were changed at K-consolidation and at shearing,
which are differentiated, respectively, by subscript letters ¢ and s. The
stress conditions during shearing was fixed as ax=45° and bs=0.5 to
minimise the effects of boundary conditions during shearing (Hight
et al., 1983). Then, different os was set under =0 condition during
K-consolidation process. The unit “degree” is used as the unit of angle
in this study.

Testing procedures are described below.

1. Isotropic consolidation process: The specimen was consolidated
isotropically under p =50 kPa with back pressure of 200 kPa (the
B value was greater than 0.97) in the triaxial cell.

2. Drained g-loading process: After completing the isotropic
consolidation, the specimen was sheared under drained
conditions with strain control. Shear stress was applied up to
K(=03/01)=0.35 under the stress condition of p=50 kPa, a certain
ac and b=0. The rate of shear strain was about 0.0056%/min,
where shear  strain s defined as & =2/
3V (&1 — €2)2 + (82 — £3)2 + (63 — &1)? .

3. Drying process: This process was skipped for the saturated
specimen. Matric suction, s = (#a — uw), of 400 kPa was applied
to the specimen for drying under constant ¢ and pret = (p — ua) in
the axis-translation technique using a ceramic disk. About 5 days
is for the drainage from the ceramic disk to become less than 0.2
cm?/day.

4. K-consolidation process: The specimen was consolidated under
a constant K with the same o and b. as the drained g-loading
process, up to p’ or pnet of 300 kPa. The loading rate during this
process was controlled with an almost identical rate of shear
strain as that of the drained g-loading process.

5. Drained g-unloading process: Shear stress was unloaded up to
isotropic stress conditions of 300 kPa under drained conditions.

6. Shearing process: Torsional shearing was conducted under
undrained condition and under constant water content (CW)
condition in saturated and unsaturated soils, respectively, with
stress conditions of a constant p’ or pret, %=45°, and bs=0.5. The
rate of shear strain were 0.01%/min in saturated and unsaturated
soils.
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The shear direction is an important factor that must be considered
for the anisotropic shear strength on actual ground. Its importance
exists in the difference in directions, which is denoted as a'=|ae— x|,
between the K-consolidation and the shearing.

2.3.2 Sand

A series of experiments using the triaxial apparatus was conducted to
estimate the effects of the inherent anisotropy on shear strength and
deformation characteristics. A bender element (BE) was installed in
the apparatus to estimate the initial shear modulus Go from the shear
wave velocity. The BEs are mounted on the top cap (transmitter
function) and on the pedestal (receiver function). The BE dimensions
are 2.5 mm length, 12 mm width, and 1 mm thickness. The BE tests
were uniformly carried out based on a standard of Japanese

Geotechnical Society (2011).

Local small strain (LSS) technique was incorporated into the
apparatus to measure the small strain and also radial strain for
unsaturated soils accurately (Le et al., 2018). Two separate targets
were glued directly on the membrane to measure the vertical axial
displacement. A couple of proximity transducers were fastened on
two columns near the specimen. Distances between the targets and
the proximity transducers can be adjusted from outside of the triaxial
cell. The distance between the two targets was about 80 mm. To
measure the radial strain, the proximity transducer was installed in the
middle part of the specimen using a clamping device.

Testing procedures are described below.

1. The prepared specimen was placed into the triaxial cell. Initially,
suction of -20 kPa was applied to the specimen. The double
vacuum method was used for saturation.

2. Maintaining suction of -20 kPa inside the specimen, cell water
was removed from the triaxial cell. Specimen dimensions were
then measured carefully. Transducers for LSS were installed in
the triaxial cell to avoid affecting the specimen condition.

3. After supplying cell water in the triaxial cell, the suction was
decreased while the cell pressure was increased so that the
isotropic effective stress was maintained constant at 20 kPa.
Then, backpressure of 200 kPa was applied to increase the
degree of saturation of the specimen: the B value was greater
than 0.98.

4. Inthe isotropic consolidation process, effective stress of 150 kPa
was applied to the specimen. Then the BE test was conducted by
input of a single sinusoidal wave with frequencies of 15 kHz, 20
kHz, and 30 kHz to ascertain the shear wave velocity.

5. Matric suction, s = (#a — uw), of 50 kPa was applied to the
specimen for drying under constant pnet = (p — ua) in the axis-
translation technique using a ceramic disk. About 2.5 days were
necessary for drainage from the ceramic disk to become less than
0.2 cm?®/day. The degree of saturation S of the specimen became
about 17%. This process was skipped in the saturated specimen.
Then the BE test was conducted.

6. Monotonic compression was conducted under a drained
condition for saturated sand and constant suction (CS) condition
for unsaturated soil at a constant cell pressure and constant axial
strain rate of 0.05%/min for tests to ascertain the shear strength.

3. TEST RESULTS
3.1 Saturated cohesive soil

In the hollow-cylindrical torsional shear apparatus, the saturated
specimens were consolidated at K=0.35 with various directions. Then
the specimens were sheared under an undrained condition to elucidate
the stress-induced anisotropy. The stress—strain relations and the
stress paths are depicted, respectively, in Figures 3(a) and 3(b). The
void ratios just before the shearing were almost the same in all cases,
which was 0.837. When the value of &’ becomes greater, the deviator
stress, ¢ = 1/v2\/(0y — 0,)2 + (05 — 03)% + (03 — 01)2, reaches a
smaller value. The reason can be inferred from the result of the stress

paths. The generation of pore-water pressure is greater when o’ is
greater. Therefore, the failure state appears at smaller p’ = (o1 + o2 +
o3) / 3 in the case of greater a’. Actually, g grows gradually along the
failure line after reaching the failure line because the specimen
contains a sand fraction. However, in practice (in actual soil),
maintaining a perfectly undrained condition under dilative behaviour
is uncertain. Screening unsafe designs, Toyota et al. (2014) defined
the shear strain to estimate the undrained shear strength as the shear
strain at which the stress path reached the failure line in the case of
a’=0. The same method was used in the present study. The circle
markers in Figures 3(a) and 3(b) show shear strain defined using this
method.
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Figure 3 Undrained shear properties of saturated cohesive soil: (a)
stress—strain and (b) stress path

Figure 4 presents the relation between the undrained shear
strengths of the saturated cohesive soil and the directional difference
between K-consolidation and shearing, «’. The undrained shear
strengths are decreasing with increased «’. Toyota et al. (2014)
reported the undrained strength decrease line of this kind under Ko
(=0.43) condition. The line is added to the figure. Greater difference
through o’ appears in the K=0.35 than K=0.43 conditions, meaning
that a small K engenders strong anisotropy in undrained shear strength
of the cohesive soil.

3.2  Unsaturated cohesive soil

Figures 5(a), 5(b), and 5(c), respectively, show the stress—strain,
volumetric strain and matric suction behaviour with shear strain under
CW condition. The void ratios just before the shearing were almost
the same in all cases, which was 0.774. The difference is not readily
apparent but the following tendency is apparent. When the value of
a’ becomes greater, the peak deviator stress becomes smaller. The
peak deviator stress appears at smaller shear strain with a smaller
value of ¢’. Strain softening is apparent in the stress—strain relations.
The volumetric strain exhibits more contraction for greater o’ and
more dilation for smaller o’ (Figure 5(b)).
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Figure 4 Undrained shear strength of saturated cohesive soil

The matric suction changes during shearing are presented in
Figure 5(c). The matric suction tends to decrease greatly at greater o,
which demonstrates anisotropic shear properties with respect to the
matric suction. The values of the matric suction decrease sharply
within shear strain of 1%. After shear strain of 1%, the matric suction
values scarcely vary and maintain at about 200 kPa. Although change
in the degree of saturation was slight because of the CW condition,
the change of matric suction during shearing was large, such as a
change from 400 kPa to 200 kPa. Some doubt persists as to whether
the matric suction change was induced by shearing alone. Therefore,
the matric suction was monitored continuously under an undrained
condition before shearing. The monitoring results show that the
matric suction decreases gradually, but it tends to converge with time
(Figure 6) because drainage of 0.2 cm®/day remains after the drying
process. However, this change of matric suction (Figure 6) is less than
that during shearing, implying that a large part of the matric suction
change occurred during shearing.

Figure 7 presents the relation between the shear strengths of the
unsaturated cohesive soil under CW condition and «’. Except for
application of the matric suction, the same anisotropic stresses as
those of saturated specimens act on the specimens. The shear strength
change is divided into two parts: the decreasing shear strength part
for o’ from 0° to 45° and the constant shear strength part for o’ from
45°t0 90°. Figure 4 shows that the change of the shear strength, which
implies induced anisotropy, is much less than that in the saturated
cohesive soil under an undrained condition.

3.3 Saturated sand

The preparation method used for the study might create a different
depositional angle with similar relative densities of about 85%. Dense
sand exhibits clear peak strength and strain softening because of the
dilatancy induced by interlocking of the sand particles.

Figures 8(a) and 8(b), respectively, present the stress—strain and
the volumetric strain versus shear strain relations in saturated sand
under drained conditions. Shearing was halted at the shear strain of
about 10% because of the interference of LSS measuring devices.
According to Figure 8(b), the specimen did not reach the steady state
in this strain range. The peak strength appeared at smaller shear strain
when «ais smaller. There are apparent effects of the depositional plane
angle on shear behaviour. The shear strength becomes smaller with
increased o. However the volumetric behaviour is similar and
independent of «. Sand particles will deposit with their major axis
reclined horizontally during air pluviation. Therefore, greater shear
strength appears when sand particles recline horizontally in triaxial
compression tests.

Relations between the drained shear strength and the depositional
angles are presented in Figure 9. The depositional angle o markedly
affects the drained shear strength of sand. The drained shear strength

becomes smaller when o changes from a horizontal to vertical
depositional angle. However, the drained shear strengths of o=67.5°
and 90° are almost equal because the lowest strength appears in the
direction of the “potential” strain localization plane based on the
Mohr—Coulomb failure criterion, as demonstrated in plane strain tests
(Oda et al., 1978; Tatsuoka et al., 1986).
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Figure 5 Shear properties of unsaturated cohesive soil under CW
condition: (a) stress—strain, (b) volumetric strain, and (c) matric
suction

The initial (maximum) shear modulus was estimated from the
result of the bender element (BE) test. The relation between the initial
shear modulus and « is presented in Figure 10. The data in Figure 10
are somewhat scattered, but Go increases slightly with increased a. It
is interesting that although apparent anisotropy appears in the drained
shear strength (Figure 9), slight anisotropy, which has reverse relation
relating to the effect of o with the drained shear strength, arise in the
initial shear modulus estimated from BE test. Mechanisms of
anisotropy are expected to be different between shear strength
(adequate strain level) and the initial shear modulus (very small
strain).
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Figure 8 Drained shear properties of saturated sand: (a) stress—

strain, and (b) volumetric strain
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3.4 Unsaturated sand

Figures 11(a) and 11(b), respectively, portray the stress—strain and the
volumetric strain versus shear strain relations in unsaturated sand
under constant suction (CS) conditions. The limitation of maximum
shear strain is the same as the saturated sand. The same tendency as
that the saturated sand appears in shear behaviour: 1. The peak
strength appeared at smaller shear strain in the case of smaller a. 2.
The shear strength becomes small with increased «. 3. The volumetric
behaviour is similar and independent of o However, the dilative
tendency seems to lessen slightly with increased « in the unsaturated
sand. Therefore, the anisotropic shear behaviour was observed not
only in saturated sand but also unsaturated sand.

Figure 12 presents relations between the shear strength of
unsaturated sand under a CS condition and the depositional angles.
The depositional angle effect on the shear strength of unsaturated
sand is the same as the drained shear strength in saturated sand: the
shear strength becomes smaller when « changes from a horizontal to
a vertical depositional angle. The applied matric suction of 50 kPa to
the sand specimen does not affect the tendency of anisotropic
behaviour in drained shear strength.

Figure 13 shows the relation between the initial shear modulus
obtained from the BE test and a. This relation shows the same
tendency as that for saturated sand: the initial shear modulus slightly
increases with increased depositional angle a. Reverse anisotropy
with that in the drained shear strength appears in the initial shear
modulus, while its anisotropy is not obvious comparing with that in
the shear strength of unsaturated sand (Figure 12).
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Figure 12 Shear strength of unsaturated sand under CS condition

3.5 Comparison between saturated and unsaturated soil

Figure 14 portrays the shear strengths and o’ for cohesive soil under
undrained and CW conditions. Differences between saturated and
unsaturated soils are induced by application of the matric suction of
400 kPa. Significant differences appear from the matric suction in the
cohesive soil. It is interesting that the undrained shear strength decays
by about 50% with the increase of «’, but it decays only by 10% in
the unsaturated soil, indicating that the strength anisotropy is more
remarkable in the saturated soil than in the unsaturated soil.
Therefore, the strength anisotropy is less important for unsaturated
cohesive soils in practice.

Fredlund et al. (1978) expressed the failure of unsaturated soils
using two independent stress variables (o— ua) and (ua — uw) as
follows:

7=c '+ (0— ua) tang™+ (1a — uw) tang €))
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Figure 13 Initial shear modulus of unsaturated sand
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Figure 14 Shear strength of saturated and unsaturated cohesive soils

Data obtained from this study were applied to the failure equation.
Here, the data of the saturated soil were regarded as replacing the
excess pore water pressure as the negative matric suction. The values
of the shear strength and the matric suction were extracted at failure
points as defined previously. They are presented in Figure 15.
Roughly linear relations but different inclinations are obtained in each
part of the saturated and the unsaturated states. The intersectional
point between the two lines represents an air entry value (AEV),
which is the matric suction at which the air starts to enter the soil
specimen. Finally, ¢’ =0, ¢’ = 43.6° and ¢ = 11.2° in equation (1)
were calculated from the results. Therefore, the shear strength can be
estimated from equation (1) when the change of the matric suction or
pore water pressure is found at the failure point.

Next, the shear strength and the initial shear modulus of sand were
inferred from comparison between saturated and unsaturated
conditions. Figure 16 shows the respective relations between the
shear strengths and o for sand under drained and CS conditions for
the saturated sand and the unsaturated sand. The difference between
the saturated sand and the unsaturated sand is induced by application
of 50 kPa matric suction. The drained shear strength of unsaturated
sand is slightly greater than that of saturated sand. This is a smaller
difference than that for cohesive soil because of the small suction
effect induced by large soil grains. The saturated sand and the
unsaturated sand show similar tendencies, meaning that the matric
suction affects the shear strength to the same degree irrespective of
the inherent anisotropy induced by the sand particle orientation.
Therefore, the strength of unsaturated sand can be estimated by
adding the suction effect to the strength of the saturated sand.
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Figure 16 Shear strength of saturated and unsaturated sands

Figure 17 shows the respective relations between the initial shear
modulus and « for sand under drained and CS conditions for the
saturated sand and the unsaturated sand. The only difference between
the saturated sand and the unsaturated sand is whether the matric
suction of 50 kPa is applied to the specimens or not. Although the
data scatter to some degree, the matric suction slightly increases the
initial shear modulus without change of the trend between initial shear
modulus and «. This is the same as that of the drained shear strength.
Therefore, the effect of matric suction is the same for both the shear
strength and the initial shear modulus.
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Figure 17 Initial shear modulus of saturated and unsaturated sands

4. CONCLUSIONS

The (stress-) induced and inherent anisotropy were investigated,
respectively, using specimens of Yoneyama sandy silt and Toyoura
sand. Induced anisotropy was generated from stress acting on the
specimen. The inherent anisotropy was expressed in the specimen
extracted from a sample where sand was reconstituted with different
depositional angles in an inclined container. The anisotropy effects
on mechanical properties of saturated soils and unsaturated soils were
examined and discussed. Results led to the following conclusions.

1. The strength anisotropy developed in the specimens sheared
under undrained conditions for the saturated cohesive soil and
under CW conditions for the unsaturated cohesive soil. The
shear strength dropped by about 50% with the greatest difference
of o’ in the saturated cohesive soil. For the unsaturated cohesive
soil, that is about 10%. The inclination of the stress—strain curve
decreased with increased o’

2. Strength anisotropy was generated, respectively, from the
change of pore water pressure and matric suction in the saturated
cohesive soil and in the unsaturated cohesive soil. Therefore,
when the change of the pore water pressure or the matric suction
during shearing can be known at the failure point, the shear
strength can be calculated using existing failure criteria.

3. The shear strength of sand under a drained condition for the
saturated sand and under a CS condition for unsaturated sand
markedly decreases with an increase of the depositional angle.

4. The initial shear moduli of both saturated and unsaturated sands
are slightly increased with increased depositional angle a. This
is an opposite tendency from that reported for the effect of o on
the drained shear strength. The initial shear modulus of sand
increases slightly by the application of matric suction.

5. The matric suction effect on the shear strength is smaller
between the saturated sand and the unsaturated sand than that in
the cohesive soil.
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7. APPENDIX

Figures and photos of the test apparatuses are schematically shown in
this section. The hollow cylinder torsional shear apparatus is depicted
in Fig. A-1 and Photo A-1. Setting of the local strain measurements
incorporated in triaxial apparatus is represented in Fig. A-2 and Photo
A-2.
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Figure A-1 Triaxial cell of hollow cylinder torsional shear
apparatus

Photo A-1 Triaxial cell of hollow cylinder torsional shear apparatus
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Figure A-2 Local strain measurements for triaxial apparatus
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Photo A-2 Local strain measurements for triaxial apparatus
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