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Abstract: Radioactive waste disposal is important facility for human and environment in the world. Compacted bentonite in
radioactive disposal engineer barrier design really experience hydration effort as decreasing of suction during long-time. Hydration
effort develop macro-micro void structure in bentonite under deeply geological environment. The bentonite occurred uncertainly
problems or translation in various experimental interaction boundary conditions such as thermal-hydration-chemical condition. To
detect accumulation of deformation or changing of bentonite behaviour due to these processes is important that the modified
experimental methods are required. In addition, to interpret laboratory experimental results combine to establish mathematical
modelling in possible. The overall investigation or performance of the bentonite have contributed to represent the intrinsic properties
of engineer barrier systems. This study focused on changing of properties of unsaturated compacted bentonite related to hydration
effort due to increasing of relative humidity. Changing of some properties revealed to become instability or uncertainly problems in
practice. Soil-water characteristic curve was measured with considering of various temperatures using vapor pressure technique.
Swelling pressure and creep behaviour such as mechanical components were described with hydration effort.
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1. Introduction repositories. The safety design analyses for a deep

. . . geological repository was modified based on a
Radioactive waste disposals have been produced .
) o comprehensive methods or measurement program of
from atomic plant, and decommissioning of the ] . . ;
. expansive materials such as bentonite, expansive clay
nuclear power plants have supplied severe problems to
) ) ) ) ) and host rock. The general procedure has been
environment. Deep geological disposal of radioactive L
L evaluated by many laboratory tests and in-situ
waste or some of decommissioning of the nuclear . o
] . . investigation [1-8].
power plants are science, technically and societally o . . . )
. ) ) The bentonite is one of interesting materials which
challenging duty. Geotechnical or Geo-environmental ) ) ) )
. ) . consist of engineered barrier for deep geological
engineers in the world have approached some kind of ) ) )
. repository. There are so many experimental reports in
mandate with the necessary honour and usefulness for . . ) .
. . . area of physical, science or technical. Following
highly generational protection of human. Actually, o .
. . . . preliminary laboratory test, the work on swelling
mount of radioactive disposal waste with some levels
) ] o pressure test updated the enormous database or
arises according to the nuclear energy legislation or as ) ) .
] o ] interpretations on the experiments that a number of
result of powerful economic activity. Unsaturated soil .
o ) o synthesis reports were presented [9-16].
mechanics is required to response within the accurate . ) .
] ) ) Working developments must advise the establish
framework for planning, construction, operating and . L
. . . safety program to barrier system for submission of
maintenances of the considerable deep geological ) o . .
license application: one low and intermediate level

Corresponding author: Tomoyoshi Nishimura, Professor, waste and one for spent fuel, high-level and long lived

main research fields: unsaturated soil mechanics. intermediate-level waste. It is necessary to evaluation
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Fig. 1 SWCC with various temperatures.

of bentonite properties in unsaturated condition using
suction control method or soil moisture retention
concept [4, 17-27]. Many reports regard to soil-water
characteristic curve or suction controlling procedure
have been initiated to expand the mathematical
simulation models [28-33]. Then, shear strength
mechanics or experimental method with suction
controlling supported the interpretation of unsaturated
bentonite properties as scientific and technical
background [34-46].

Recently, many data base obtained from geological
field investigations in boreholes notice that there are
uncertainly problems in the engineered barrier system
such as hydration effort or thermal efforts. Hydration
effort is one of factors associated to changing of
[47-53].

parameters on

relative humidity environment Thermal
conductivity is  one  of
Hydro-Thermal-Mechanical-Chemical ~ simulations.

Particularly, hydration effort induced the sever
deformation to unsaturated bentonite. The deformation
had closely creep behavior [54-61].

This study focused on hydration effort to properties
of compacted bentonite, which was used as one
component of radioactive disposal waste barrier
system. Hydration induced volume deformation of
compacted bentonite that changing of soil moisture
cause, and vapour pressure technique was useful to
control suction. Soil-water characteristic curve of
compacted bentonite was indicated with both drying

pass and wetting pass that increment of reduction in

suction were applied to bentonite at term long-time.
Also, swelling pressure was measured to compacted
bentonite subjected to different suction. It was effort
that suction decreased before swelling pressure test.
All of these properties were measured using vapor
pressure technique, which one of suction controlling
methods. Also, the developed apparatus was used to
appear creep behaviour of unsaturated compacted
bentonite. After reduction of suction of bentonite, it
was indicated that bentonite approached up to large

deformation.

2. Soil-Water Characteristic Curve

2.1 Soil Material

The water retention activity is important feature
which described as the soil-water characteristic curve
(i.e. SWCC). The SWCC was one of key parameters
for establishing of mathematical models, and basic
physical parameter. Mechanical and hydration
properties were evaluated using the SWCCs in the
general soil material. The soil-water characteristic
curves for sodium type bentonite were measured,
which was Kunigel V1. SWCC test was conducted out
using vapor pressure technique. The soil-water
characteristic curve of sodium bentonite was indicated
in Fig. 1. The specimens had no compaction that was
powder condition. The determined SWCCs had a wide
range from 2.8 MPa to 296 MPa which was obtained
using the various salt solutions. Using vapor pressure
technique for high suction measurement is no longer
special suction application in unsaturated soil
mechanics. In this testing, SWCCs was controlled
with various temperature, which had a range from 20
degrees to 60 degrees, and difference was ten degrees.
Obtained water contents in SWCC decreased with
suction in drying process, and influence of
temperatures on water content was quite small. It was
possible to define one curve having an inflection point.
So, unique opinion associated with increasing of

temperature was not confirmed from these data sets.
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The compacted unsaturated bentonite was prepared
that changing of both water content and degree of
saturation were measured under RH of 98%. RH 98%
equilibrium with suction of 2.8 MPa, which was less
than initial suction of compacted bentonite. Hydro
effort imposed to bentonite, and soil moisture
increased according to time. Phenomena-induced
hydration were shown in Figs. 2 and 3. Increment of
water content was obtained to measure changing of
weight of specimen with time, and degree of
saturation was calculated using changing of weight
and changing of both diameter and height at any time.

The compacted bentonite had a dry density of 1.600
g/em’ before applying of hydration. Increment of both
water content and degree of saturation proved to
induce the deformation of bentonite by increasing soil
moisture due to hydration effort.

It is important to investigate the influence of salt
solution on water retention activity of compacted
bentonite. This study conducted out SWCC test for
saturated bentonite in salt water. Saturated bentonites
were prepared for measurement of SWCC that one
was swelled in the distilled water, and another one
was swelled in the salt water (i.e. NaCl water). Salt
water had 3.5% in concentration, which was similar to
nature sea water. Each bentonite was dry density of
1.600 g/cm’ at initial condition and had no mixture
sand. Compacted bentonite with water content of
8.0% was absorbed in each bentonite was dry density
of 1.600 g/cm’ at initial condition and had no mixture
sand. Compacted bentonite with water content of
8.0% was absorbed in steel mould, and initial
specimen size was a height of 2.0 cm and a diameter
of 6.0 cm, respectively. Absorbing a bentonite
specimen was conducted under constant initial volume
during over one month. After swelling, it was
confirmed that each specimen approached to
saturation in the steel mould. Each saturated bentonite
was placed into glass desiccator with salt solutions.
Variety salt solutions produced specified relative
humidity that was vapor pressure technique. This

testing program used seven different salt solutions,
and controlled relative humidity had a range from 98%
to 11%. Using relative humidity ranges corresponded
that suction had a rage from 2.8 MPa to 286 MPa.

As first testing step, saturated bentonite was placed
into RH 98% environment in glass desiccator, and this
step maintained over one month. On evaluation of
equilibrium with relative humidity to bentonite
specimen, a period of one month was in generally
accepted in SWCC test procedures, was recognized as
one of practice methods in conventional. When
specimen took an equilibrium, some parameters were
measured which were weight, diameter and height for
specimen, and determine water content and degree of
saturation to controlled suction. Step by step, suction
was decreased up to 286 MPa due to replace salt
solutions in drying process. Relative humidity in glass
desiccator according to be reduction that relative
humidity was 11% at end of drying process. All of

40 T T
Temperature @ 20°C M30°C

A 40°C 0O50°C —
O60°C

of| e

L¥¥]
]

‘Water content %o
(5]
o

Bentonite
10 Kunigeru V1
RH 98 %
O | 1 1
0 100 200 300
Days

Fig. 2 Increment of water content according to hydration.
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suctions were seven different values in drying process.

Subsequently, wetting process-induced by reduction
of suction was commencement to all bentonite
specimens experienced drying process. Suctions on
process in wetting procedure were quite same that it
was easy to comparison to observing test results at
drying process. Above mentioned, physical properties
such as water content and degree of saturation were
determined with same testing methods.

Both water content and degree of saturation such as
parameters were used to describe each SWCC of
bentonite (Fig .2 from 4 to 7). On drying process, soil
moisture was obviously large for bentonite including
salt component up to suction of 9.8 MPa. Beyond
suction was 9.8 MPa, reduction of water content with
increment of suction was indicated, and thus results
were similar between bentonites with and without salt

water at drying process. Also, water contents were
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Fig. 4 Changing of water content (distilled water).

30 [ I
s r Saturated by salt water
2 F L Temperature 20 degree
£ r Intial dry density 1.600
= 20 ¢ g/em? ]
B r
215 |
[¥] L
B o
§ 10 ¢
s [ ®Drying a °
T OWetting O
0 C co el L D_|_.||||||
1 10 100 1000
Suction MPa

Fig. 5 Changing of water content (salt water).
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Fig. 6 Changing of degree of saturation (distilled water).
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Fig. 7 Changing of degree of saturation (salt water).

measured near zero value regardless of imposing salt
components at suction of 296 MPa.

On wetting process, all bentonite specimens
described to increase soil moisture regardless of
experience with and without salt water that it was
widely accepted in water retention mechanics in
unsaturated soils. Water content and degrees of
saturation can seem to be not same with those data
sets of bentonites in drying process that exist much
hysteresis in hydro-processing. Particularly, the

bentonite with salt component indicated large
increment of soil moisture with reduction of suction
comparison with observing results in de-stilled water.
As results, few hysteresis was observed in the
bentonite having salt components that strong efforts
contributed to water retention activity associated with

bentonite properties.
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of Unsaturated

3. Swelling Pressure
Bentonite Subjected to RH

Swelling pressure is one of important key
parameters for construction of radioactive waste
disposal system which is supplied saturation process
under deep ground during long term period. Many
reports regard to swelling properties of variety
bentonites had been established that almost of
swelling tests were conducted to supply water
absorbing to unsaturated bentonite directly. It is sure
that barrier structure constructed using unsaturated
bentonite was initially unsaturated condition, and
considerable slow water flow is predicted as results of
many mathematical simulation models. To reach to
completely saturation situation spend extremely long
times. While unsaturated bentonite become toward to
saturation, hydration effort make slowly expansion in
changing of suction of bentonite under deep tunnel. It
was no consider that deformation of unsaturated
bentonite occurs according to suction reduction (i.e.
increment of relative humidity).

A swelling pressure testing apparatus was
developed to determine swelling pressure in a constant
relative humidity environment. The apparatus consists

of a triaxial chamber and relative humidity control

Stiffnessrod

Diffames displacemant sensor

; Tuba Taest

-—

circulation system. The modified swelling pressure
testing apparatus was shown in Fig. 8 that consisted
mainly of a triaxial chamber, a pedestal, a steel mold,
a double glass burette, a differential pressure
transducer, a difference displacement sensor, load cell
sensor and relative humidity control circulation
system. The relative humidity control circulation
system was established using a conventional pump,
along with a small chamber with salt solution. The air
flow maintained a constant relative humidity
surrounding the compacted bentonite. All compacted
bentonite specimens were placed into steel mould.
Moving water in the double glass burette due to
absorption in bentonite was permitted at the low
portion of specimen. Absorption water volume change
in the double burette was measured using the
differential pressure transducer. Initial total volume
was maintained constant for all compacted bentonite
specimens.

Sodium bentonite was used for measurement of
swelling pressure. Silica sand had uniformity grain
size distribution which was mixed with bentonite at a
ratio of 30% by dry weight. The specimen was
statically compacted in stiffness steel mold at an initial

water content of 5.9%. The compacted bentonite

Double glass burstts

Load ezl sensor

Tubs

Sampls

Traxial chamber

. Difference prassure
transducer

Conventionalpump Salt sohition

Fig. 8 Modified swelling pressure test apparatus.
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specimen had a dry density of 1.600 g/cm’ as target
value. The height of specimen was 25.5 mm.
Compacted bentonite specimens with two different
soil suctions were prepared for swelling pressure tests.

Initial compacted bentonite had a soil suction of
105 MPa. Soil suction of 2.8 MPa was imposed using
vapor pressure technique and used salt solution was
Potassium Sulfate.

Soil suction of 2.8 MPa corresponds to relative
humidity of 98%. The gravimetric water content
increased that vapour moisture in RH 98 was absorbed
into void structure of bentonite having suction of 105
MPa. As result, the gravimetric water content of the
compacted bentonite sample subjected to relative
humidity of 98% increased to 9.7% from 5.9%. Also,
deformation in expansion occurred, grew with time.
Finally, deformation of bentonite specimen took large
expansion in vertical direction, and was 9.5% in
swelling. During hydration process, void structure
constructed macro-micro structure produce complexly
expansion in clay structures together. Changing of
total volume was useful to determine dry density. The
dry density of the sample after equilibrium soil
suction of 2.8 MPa decreased to 1.427 g/em’ from
1.600 g/cm’.

Swelling pressure of bentonite with two different
suctions were measured under constant volume, which
changing of a height of specimen was not permitted
through swelling test.

Fig. 9 shows observing the swelling pressures with
water absorb for compacted bentonite at initial water
content of 5.9%, and specimen had an initial soil
suction of 105 MPa at beginning test. The measured
swelling pressure described rapidly growing during
almost 50 hours periods. Strong increment of swelling
pressure seems to be one of characters on swelling
properties for compacted bentonite with high suction.
Determined swelling pressure at 50 hours was 220
kPa. Behind 220 kPa in swelling pressure, bentonite
described traditionally small reduction with time.
Reduction continued smoothly till elapsed time was

350 h, and measured swelling pressures had date sets
with both increment and decrement such as a
frequency cyclic motion. Once again, the bentonite
showed small increment, which appeared increment
and decrement in swelling pressure. Its smoothly
increasing was maintained till swelled bentonite took
equilibrium, and elapsed time was nearly 1,000 hours.
Confirmed maximum swelling pressure corrected as
267 kPa.

The compacted bentonite with soil suction of 2.8
MPa shows smoothly increasing of swelling pressure
at beginning of test as shown in Fig. 10. There was
quite difference comparison to swelling behaviour of
initial suction of 105 MPa. It was obviously that
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Fig. 9 Processing of swelling pressure (no hydration).
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Fig. 10 Processing of swelling pressure (hydration).
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performed swelling pressure was smaller than that of
suction 105 MPa at beginning that was revealed as the
influence of suction of bentonite before absorbing.
Growing of swelling pressure was extremely slow till
elapsed time was 350 h that was entirely difference
against to swelling pressure increment mentioned in
Fig. 9.

After the elapsed time of 350 hours, accumulation
of swelling performance became to be developed, and
it reached to 200 kPa at 650 hours. Beyond 750 hours,
bentonite seemed to be equilibrium that 206 kPa was
measured as maximum swelling pressure. Bentonite
showed that hydration effort caused reduction of
swelling pressure, and at same time growing processes
of swelling pressure was quite difference between
with and without hydration effort before swelling
process. Consequently, degree of saturation obtained
from water content at end of test reached to saturation
regardless of magnitude of suction value before

swelling.

4. Creep Test

This study mad above mention that hydration effort
such as reduction of suction improved both water
retention capacity and swelling performance in
compacted bentonite. Revised basic properties to

compacted bentonite was induced at macro-micro

Connect to dial gauge

Direction for air flow

4—
4—

structure as extremely fine structures. This testing
conducted out creep test and finding relationship
between main chief factor in hydration effort and
strength resistance in mechanical properties. It is
defined in generally for the soil mechanics that creep
test is conducted under constant effective stress to
saturated soils. The changing of macro-micro void
structure due to hydration effort had closely the
deformation on creep behavior. The modified creep
test apparatus was shown in Fig. 11. The apparatus
employed a conventional cyclic relative humidity
control system, which was possible to apply a required
RH using vapor pressure technique. This apparatus
consists of triaxial chamber, air cyclic flow pump. A
dynamic activity of the conventional pump had at least
10 kPa pressure, which maintained steady air flow
through the system.

Creep stresses were determined using unconfined
compressive strength in experimental data sets what was
deviator stress without confining pressure. Controlled
relative humidity was either 98%. In case of RH 98%,
suction of 2.8 MPa corresponding to RH 98% was
considerable lows level suction comparison with
suction of bentonite in initial condition. Used specimen
had both a height of 100 mm and a diameter of 50 mm,
respectively. Also, dry density was 1.600 g/cm’ as
target value.

Apply vertical stress

Triaxial chamber

Load cell ~¥f

Salt solutions

Flow Pump

RH monitor

Specimen

Fig. 11 Modified creep test apparatus.
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Fig. 13 Case of application of hydration for creep test.

Observing axial strain under subjection of external
vertical loading was shown in Fig. 12. Prepared creep
stress was 182.8 kPa and was maintained till end of
test. Then, positive value in axial strain expressed that
specimen occurred compression deformation. The
axial strain in shrinkage was approximately 1.0% at
beginning of external loading, which was produced by
deviator stress as mechanical action. The axial strain
was remained a period of 30 days (i.e. up to end of
test). It was able to predicate that the specimen
described growing shrinkage deformation under no
hydration environment.

As other case, axial strains with elapsed time was
indicated as shown in Fig. 13, and applied creep stress
was 364.5 kPa more than that mentioned in Fig. 12.
Though bentonite had creep stress of 364.5 kPa under
no hydration till fifty days, compression deformations

were measured at commencement of supplying

vertical load. While fifty days, axial strain described a
stable, and the strains were similar with measured
strain on beginning of loading of stress. There were
not observing increment of shrinkage strain such as
creep deformation.

Subsequently, the hydration was applied to
bentonite due to air flow having RH 98%, and suction
surrounding of specimen approached rapidly 2.8 MPa
in suction. As point of view regard to presence or
absence in hydration effort, beyond fifty days the
bentonite occurred the expansion distinctly with days.
It was sure that the effort of hydration was revealed
with measured changing of vertical strain. The
processing of hydration effort developed macro-micro
structures in bentonite, and large increment of

expansion was described from forty days to fifty days.

At fifty days, specimen had large expansion
comparison with initial height that measured
expansion strain was  approximately  1.0%.

Subsequently, the bentonite evidenced the shrinkage
deformation such as up to destruction. Thus, axial
strain data sets indicated straight line in vertical
direction. Crushed specimen was clearly observed in
chamber. Then, the hydration effort can be defined as
decrement of suction in stress variables that induced
the destruction combined large deformations for

unsaturated bentonite.
5. Conclusions

This study represented properties of bentonite such
as extremely expansive soils on experimental resulting.
The hydration effort to compacted bentonite was
referred as one of significant impact factors, which
induced uncertainly conditions on engineered
properties to unsaturated bentonite. On supporting
unsaturated soil mechanics, some experimental
laboratory tests were conducted used modified
apparatus that were SWCC test, swelling pressure test
and creep test for unsaturated compacted bentonite.
These tests had enough advantage to investigation

above mentioned physical and mechanical properties
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of compacted bentonite. Particularly, interpretation
incorporated suction controlling methods were useful
to understand the influence of hydration effort such as
reduction suction on bentonite properties:

(1) The bentonite had high water retention activity
at high suction ranges such as larger than 2.8 MPa in
suction. The hydration effort induced expansion of the
volume under reduction of suction, and, increment of
soil moisture occurred at same time. Also, reduction
of suction was controlled using vapor pressure
that
controlled in mythology.

technique relative humidity was directly

(2) The obtained soil-water characteristic curves of
bentonite can affirm that the influence of temperature
on water retention activity was negligible. Other hands,
the salt water produced to be high soil retention
activity that bentonite absorbed, swelled in the salt
water.

(3) Due to suction reduction, the swelling pressure
with time indicated smoothly growing comparison to
initial condition (i.e. before applying of hydration). As
results, peak swelling pressure decreased that the
transmutation of macro-micro void structure in
bentonite immediately related to performance of
swelling behavior.

(4) Through creep test, when hydration effort such
as suction reduction was applied to compacted
bentonite, it was obviously that axial strain in
expansion direction was observed, and unsaturated
compacted bentonite reached up to failure as result of
maintain of both hydration effort and creep stress

loading.

References

[1] Buscher, F., and Muller-Vonmoos, M. 1989. “Bentonite
as a Containment Barrier for the Disposal of Highly
Radioactive Waste.” Applied Clay Science 4 (2):
157-177.

[2] Cui, Yu-Jun.,, and Anh, Minh, Tang. 2013. “On the
Chemo-thermo-hydro-mechanical Behavior of Geological
and Engineered Barriers.” Journal of Rock Mechanics
and Geotechnical Engineering 5 (3): 169-178.

[3] Gens, A., Vallejian, B., Zandrain, M. T., and Sanchez, M.

[13]

[14]

[15]

2013. “Homogenization in Clay Barrier and Seals: Two
Studies.” Journal of Rock Mechanics
Geotechnical Engineering 5: 191-199.

Hoffman, C., Romero, E., and Alonso, E. E. 2005.
“Combing Different Controlled-suction Technique to

Case and

Study expansive Clays.” Proceedings of an International
Symposium on Advanced Experimental Unsaturated Soil
Mechanics EXPERUS 2005: 61-67.

Munoz, J. J., Alonso, E. E., and Lloret, A. 2009.
“Thermo-hydraulic Characterization of Soft Rock by
Means of Heating Stress.” Geotechnique 59 (4): 293-306.
Push, R. 1982. “Mineral-water Interactions and Their
Influence on the Physical Behavior of Highly Compacted
Na-Bentonite.” Canadian Geotechnical Journal 19:
381-387.

Sanchez, M., Gen, A., and Guimaraes, L. 2012.
“Thermal-hydraulic-mechanical (THM) Behaviour of
Large-scale in situ Heating Experiment during Cooling
and Dismantling.” Canadian Geotechnical Journal 49
(10): 1169-1195.

Shackelford, C. D. 1991. “Laboratory Diffusion Testing
for Waste Disposal.” Journal of Contaminant Hydrology
7:177-217.

Chu, T. Y., and Mou, C. H. 1973. “Volume Change
Characteristics of Expansive Soils Determined by
Controlled Suction Tests.” Proceedings of the Third
International Conference on Expansive Soils 1: 177-185.
Dakshinamurthy, V. 1978. “A New Method to Predict
Swelling using Hyperbolic Equation.”
Engineering 9 (1): 1978: 29-38.
Kodandaramaswamy, K., and Rao, S. N. 1981. “The
Prediction of Settlements and Heave in Clays.” Canadian
Geotechnical Journal 17 (4): 623-631.

Komine, H., and Ogata, N. 1999. “Experimental Study on
Swelling Characteristics of Sand-bentonite Mixture for
Nuclear Waste Disposal.” Soils and Foundations 39 (2):
83-97.

Nishimura, T., Koseki, J., and Matsumoto, M. 2012.
“Measurement of Swelling Pressure for Bentonite under
Relative Humidity Control.” Unsaturated Soils Research
and Applications E-UNSAT 1: 235-240.

Push, R., and Yong, R. 2003. “Water Saturation and
Retention of Hydrophilic Clay buffer Micro-structural
Aspects.” Applied Clay Science 23: 61-68.

Sridharan, A., and Jayadeva, M. S. 1982. “Double Layer
Theory and Compressibility of Clays.” Geotechnique 32
(2): 133-144.

Sridharan, A., Rao, A. S., and Sivapullaiah, P. V. 1986.
“Swelling Pressure of Clays.” Geotechnical Testing
Journal, ASTM 9 (1): 24-33.

Alonso, E. E., Romero, E., and Hoffmann, C. 2205.
“Expansive Cyclic

Geotechnical

Bentonite—sand  Mixtures in



(20]

[21]

[23]

(24]

(23]

[29]

(30]

Changing of Properties of Unsaturated Compacted Bentonite due to Hydration Effort

Controlled-suction Drying and Wetting.” Engineering
Geology 81: 213 226.

Barbour, S. L., and Fredlund, D. G. 1989.”Mechanisms
of Osmotic Flow and Volume Change in Clay Soils.”
Canadian Geotechnical Journal 26: 551-562.

Barbour, S. L. 1998. “Nineteenth Canadian Geotechnical
Colloquium: The Soil-water Characteristic Curve: a
Historical Perspective.” Canadian Geotechnical Journal
35: 873-894.

Blatz, J. A., and Graham, J. and Chandler, N. A. 2002.
“Influence of Suction on the Strength and Stiffness of
Compacted Aand-bentonite.” Canadian Geotechnical
Journal 39: 1005-1015.

Delage, P., Romero, E. E., and Tarantino, A. 2008.
“Recent Developments in the Techniques of Controlling
and Measuring Suction in Unsaturated Soils.”
Proceedings of the First European Conference on
Unsaturated Soils E-UNSAT, 2008: 33-52.

Kassiff, G., and Shalom, A. B. 1971. “Experimental
Relationship between Swell Pressure and Suction.”
Geotechnique 21 (2): 245-255.

Lagerwerft, J. V., Ogata, G., and Eagle, H. E. 1961.
“Control of Osmotic Pressure of Culture Solutions with
Polyethylene Glycol.” Science 133: 1486-1487.

Leong, E. C., and Rahardjo, H. 1997. “Review of
Soil-water Characteristic Curve Equations.” Journal of
Geotechnical and Geoenvironmental Engineering 123
(12): 1106-1117.

Oteo-Mazo, C., Saez-Aunon, J., and Esteban, F. 1995.
“Laboratory Tests and Equipment with Suction
Ccontrol.” Proceedings of the Ist International
Conference on Unsaturated Soils, Paris 3: 1509-1515.
Romero, E. 2001. “Controlled Suction Techniques.” 4th
Simposio Brastileiro de Solos Nao Saturados 2001:
535-542.

Romero, E,. Vaunat, J., and Merchan, V. 2014. “Suction
Effects on the Residual Shear Strength of Clays.” Journal
of Geo-Engineering Science 2: 17-37.

Alonso, E. E., Gens, A., and Josa, A. 1990. “A
Constitutive Model for Partially Saturated Soils.”
Geotechnique 40 (3): 405- 430.

Alonso, E. E., Vaunat, J., and Gens, A. 1999. “Modelling
the Mechanical of Expansive Clays.”
Engineering Geology 54: 173-183.

Alonso, E. E., Pereira, J. M., Vaunat, J., and Olivella, S.
A. 2010. “Microstructurally based Effective Stress for
Unsaturated Soils.” Geotechnique 60 (12): 913-925.
Alonso, E. E., Zandarin, M. T., and Olivella, S. 2013.
“Joints in Unsaturated Rocks: Thermo-hydro-mechanical

Behavior

Formulation and Constitutive Behaviour.” Journal of
Rock Mechanics and Geotechnical Engineering 5 (3):
200-213.

[32]

[33]

[34]

[41]

[42]

[43]

[44]

[45]

101

Blatz, J. A., and Graham, J. 2003. “Elastic-plastic
Modelling of Unsaturated Soil using Results from a New
Triaxial Test with Controlled Suction.” Geotechnique 53
(1): 113-122.

Gens, A., and Alonso, E. E. 1992. “A Framework for the
Behaviour of Unsaturated Expansive Clays.” Canadian
Geotechnical Journal 29: 1013-1032.

Boso, M., Tarantino, A., and Mongiovi, L. 2005. “A
Direct Shear
Technique.” Proceedings of an International Symposium

Box Improved with the Osmotic
on Advanced Experimental Unsaturated Soil Mechanics
EXPERUS 2005: 85-91.

Chavez, C., Romero, E., and Alonso, E. E. 2009. “A
Rockfill =~ Triaxial Cell with  Suction
Geotechnical Testing Journal 32 (3): 1-13.
Escario, V. 1980. “Suction Controlled Penetration and

Shear Tests.” Proceedings of the Fourth International

Control.”

Conference on Expansive Soils 2: 781-797.

Escario, V., and Saez, J. 1986. “The Shear Strength of
Partly Saturated Soils.” Geotechnique 36 (3): 453-456.
Fredlund, D. G. 1987. “The Stress State for Expansive
Soils.”
on Expansive Soils, New Delhi India: 1-9.

Likos, W. J., Wayllace, A., Godt, J., and Lu, N. 2010.
“Modified Direct Shear Apparatus for Unsaturated Sands
at Low Suction and Stress.” Geotechnical Testing
Journal 33 (4): 286-298.

Nishimura, T., Hirabayashi, Y., Fredlund, D. G., and Gan,
J. K-M. 1999. “Influence of Stress History on the
Strength Parameters
Compacted Soil.” Canadian Geotechnical Journal 36:
251-261.

Nishimura, T., Fredlund, D. G. 2001. “Failure Envelope
of a Desiccated, Unsaturated Silty Soil.” Proceedings of

Proceedings of Sixth International Conference

of an Unsaturated Statically

the 15th International Conference on Soil Mechanics and
Geotechnical Engineering, Istanbul, 1: 615-618.
Nishimura, T., and Fredlund, D. G. 2003. “A New
Triaxial Apparatus for High Total Suction using Relative
Humidity Control.” [2th Asian Regional Conference on
Soil Mechanics and Geotechnical Engineering: 65-68.
Nishimura, T., and Vanapalli, S. K. 2005. “Volume
Change and Shear Strength Behavior of an Unsaturated
Soil with High Soil 16th  International
Conference on Soil Mechanics and Geotechnical
Engineering: 563-566.

Nishimura, T., Rahardjo, H., and Koseki, J. 2010. “Direct
Shear Strength of Compacted Bentonite under Different
Proceedings of The Fifth International
Conference on Unsaturated Soils Barcelona Spain:
323-328.

Nishimura, T. 2011. “Influence of Decreasing of Soil
Suction on Unconfined Compressive Strength for

Suction.”

Suctions.”



102

[54]

Changing of Properties of Unsaturated Compacted Bentonite due to Hydration Effort

Bentonite.”  Proceedings of First International
Conference GeoMat 2011 1: 103-106.

Nishimura, T., and Koseki, J. 2011. “Effect of Suction on
Shear Strength of Compacted Bentonite.”

Proceedings of The 14th Asian Regional Conference on

Direct

Soil Mechanics and Geotechnical Engineering: 203-208.
Alonso, E. E., and Pineda, J. A. 2007. “Degradation of
Argillaceous Rocks: A Challenge for Unsaturated
Geomechanics.”  Proceedings of the 3rd Asian
Conference on Unsaturated Soils: 3-26.
Botts, M. E. 1998. “Effects of Slaking on the Strength of
Clay Shales.” In Evangelista and Picarelli (eds.), The
Geotechnics of Hard Soils-Soft Rocks
447-458.

Fredlund, D. G., and Rahardjo, H. 1993. “Chapter 4,

Measurement of Soil Suction.” Soil Mechanics for

Rotterdam:

Unsaturated Soils A Wiley-Interscience Publication
JOHN WILEY & SONS INC: 64-106.

Marinho, F. A. M., Take, W. A., and Tarantino, A. 2008.
“Measurement of Matric Suction using Tensiometertic
and Axis Translation Techniques.” Geotechnical and
Geological Engineering 26: 615-631.

Morodome, S., and Kawamura, K. 2009. “Swelling
Behavior of Na- and Ca-montmorillonite up to 150 °C by
In situ X-ray Diffraction Experiments.” Clays and Clay
Minerals 57 (2): 150-160.

Peng, X., and Horn, R. 2007. “Anisotropic Shrinkage and
Swelling of Some Organic and Inorganic Soils.”
European Journal of Soil Science 58 (1): 98-107.
Romero, E., Alonso, E., Alvarado, C., and Wacker, F.
“Effect of Loading History on Time Dependent
Deformation of Rockfill.” Unsaturated Soils Research
and Applications E-UNSAT 2012, 1: 419-424.

Duttine, A., Tatsuoka, F., Salotti, A., and Ezaoui, A. 2015.
“Creep and Stress Relaxation Envelopes of Granular
Materials in Direct Shear.” Proc. of 6th International
Characteristics  of

Conference on  Deformation

[55]

[56]

Geomaterials Buenos Aires: 494-502.
Ezaoui, A., Tatsuoka, F., Duttine, A., and Di Benedetto,
H. 2011. “Creep Failure of Geomaterials and Its
Numerical Dimulation.” Geotechnique Letter: 1-5.

Kawabe, S., and Tatsuoka, F. 2015. “1D Creep and
Delayed Rebound during Unloading and Reloading of
Clay and Its Model
Characteristics  of  Geomaterials

Simulation.”  Deformation
of 6th
International Conference on Deformation Characteristics
of Geomaterials Buenos Aires: 486-493.

Kongkitkul, W., Tatsuoka, F., and Hirakawa, D. 2007.
“Creep Rupture Creep

Deformation Geosynthetic

Proc.

Curve for Simultaneous
and Degradation of
Reinforcement.” Geosynthetics International 14 (4):
1-12.

Lloret, A., Villar, M. V., Sanchez, M., Gens, A., Pintado,
X., and Alonso, E. E. 2003. “Mechanical Behavior of
Heavily Compacted Bentonite under High Suction
Changes.” Geotechnique 53 (1): 27-40.

Tatsuoka, F., Uchimura, T., Tateyama, M.,
Muramoto, K. 1996. “Creep Deformation and Stress
Relaxation in Preloaded/Prestressed
Geosynthetic-reinforced Soil Retaining Walls Measuring
and  Modelling-Time-Dependent ~ Soil ~ Behavior.”
Geotechnical Special Publication ASCE Washington
Convention: 258-272.

Tatsuoka, F., Di Benedetto, H., and Nishi, T. 2003. “A
Framework for Modelling of the Time Effects on the
Stress-strain Behaviour of Geomaterials.” Proc. 3rd Int.

and

Sym. on Deformation Characteristics of Geomaterials IS
Lyon 03 (di Benedetto et al. eds.) Balkema: 1135-1143.
Tatsuoka, F., Duttine, A., Salotti, A., and Ezaoui, A. 2015.
“Creep and Stress Relaxation of Granular Materials
Simulated by Non-linear Three Component Model.”
Deformation Characteristics of Geomaterials, Proc. of 6th
International Conference on Deformation Characteristics
of Geomaterials, Buenos Aires: 503-510.



