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ABSTRACT

This sfudy was carried out to test the hypothesis that thermocouple
psychrometers can be used to provide meaningful suction and water content data for the
study of the behaviour of unsaturated swelling clays when used as engineered barriers for
the disposal of heat-generating radioactive waste.

Calibration tests were carried out to define the precision and accuracy of
commercial psychrometers. The suction properties of a sand-bentonite material, sand-
illite material, and Boom Clay were measured using the calibrated psychrometers and two
other techniques. Previously, uncertainties existed regarding the relationship between soil
structure and suction in compacted clays. Mercury intrusion porosimetry studies were
carried out to examine the fabric of these soils. It was concluded that total suctions are
controlled largely by the micropores in compacted specimens.

The performance of psychrometers as moisture sensors in compacted sand-
bentonite material was investigated in the laboratory using triaxial isotropic compression
and shear tests. New testing techniques were developed. The usefulness of
psychrometers as moisture sensors to measure in sifu suctions and water contents in
compacted sand-bentonite material was examined in a large scale, in sifu, experiment
known as the Buffer/Container Experiment. Results showed that suctions in compacted
clays under both well controlled laboratory conditions and more chaotic field conditions
can be inferred from the output of psychrometers. Moreover, under the influence of
temperature gradients, the outputs of the instruments can be interpreted to provide
qualitative and meaningful data on moisture movement in compacted clays.

This study led to a rationale for interpreting psychrometer data from in situ
measurements on compacted clays. Meaningful information from psychrometers can be
attained through the combination of an understanding of the principles of operation of the
instruments, an understanding of the constitutive properties of the soil, comprehension of

coupled processes that control heat and moisture flow in soils, and total system analysis.



ACKNOWLEDGEMENTS

I would like to thank:

Dr. Malcolm Gray, my supervisor, for his advice, encouragement, and guidance;

Dr. James Graham, for his advice, encouragement and support;

Dr. Nimal Rajapakse, and Dr. Emery Lajtai, for their encouragement and advice;

Dr. Antonio Gens, my external examiner, for his interest in my work;

Ms. Sharon Campbell, Mr. David Hnatiw, Mr. Harold Hume, Mr. Nazeer Khan, Mr.
Peter Roach, Mr. Barry Shenton, Ms. Thanh To, and Mr. Bradley Walker, for their

technical assistance.

Thanks are extended to my colleagues at Whiteshell Laboratories and the Underground
Research Laboratory, Atomic Energy of Canada Limited, and fellow graduate students at
the University of Manitoba for their interest and support in my work. In particular, I
would like to single out Dr. Bruce Kjartanson and Dr. Neil Chandler, with whom I had
many fruitful discussions on instrumentation, and on the complex and difficult topic of
heat and moisture flow in unsaturated soils. Many. ideas presented in this thesis arose
from the discussions with them. I also would like to thank Dr. Norbert Morgenstern, Dr.
Krish Radhakrishna, and Dr. K.-C. Lau, for their interest and involvement in my work on

psychrometers.

Financial and technical support provided by Atomic Energy of Canada Limited and

Ontario Hydro is gratefully acknowledged.

Finally, I am grateful to my family for their support and encouragement during the course

of my study.



ABSTRACT

TABLE OF CONTENTS

ACKNOWLEDGEMENTS

TABLE OF CONTENTS

LIST OF TABLES

LIST OF FIGURES

LIST OF SYMBOLS AND ABBREVIATIONS

CHAPTER 1

INTRODUCTION

1.1  Background
1.2  Introduction to thermocouple psychrometry
1.3 Scope of study

CHAPTER 2

LITERATURE REVIEW

2.1  Background
2.2 Clay mineralogy

221
222

Clay minerals
Clay-water interaction

2.3 Theories of soil structure

2.3.1
232
233

234

Concepts of soil structure

Fabric and pore spaces

Implications between soil structure and engineering properties
2.3.3.1 Background

2.3.3.2 Mechanical and swelling behaviour

2.3.3.3 Suction properties

2.3.3.4 Conduction phenomena

Summary

2.4  Theory of soil suction

24.1
24.2
243
244
2.4.5
24.6
24.7

Background

Total suction and components

Factors affecting vapour pressures in soils
Suction-water content relationships
Temperature effects on soil suctions
Hysteresis

Measurements of soil suctions

iii

Page

i

ii

iii-viii
ix

X-XV
Xvi-xviii

10
12
12
14
15
15
16
17
18
20
21
21
21
23
25
26
26
27



248 Summary
2.5  Theories of unsaturated soil mechanics
2.5.1 Background
2.5.2  Constitutive modelling of the behaviour of unsaturated soils
2.5.2.1 Background
2.5.2.2 Classical soil mechanics approach
2.5.2.3 Critical state soil mechanics approach
2.5.3  Flow of moisture in unsaturated soils
2.5.3.1 Background
2.5.3.2 Isothermal liquid flow
2.5.3.3 Vapour flow
2.5.3.4 Coupled heat and moisture flow under the influence of
thermal gradients '
2.6  Synthesis of literature review
2.7 Hypothesis
2.8  Objectives of study
CHAPTER 3 THERMOCOUPLE PSYCHROMETERS
3.1 Background
3.2 Terminology and definitions
3.3  Description of psychrometer and equipment
3.3.1 Wescor PCT-55 psychrometer
3.3.2 PR-55 and HR-33T microvoltmeters
3.4  Cooling parameters: current and time
3.5 Calibration
3.6 Psychrometer performance
3.6.1 Precision
3.6.2  Calibration factors
3.6.3 Long term drift of psychrometer outputs
3.6.4 Effect of temperature on psychrometer outputs
3.7  Summary
CHAPTER 4 LABORATORY TESTING PROGRAM AND METHODS
4.1 Background
4.2  Soil materials
4.3  Suction test series

4.3.1 Psychrometer method
4.3.1.1 Single-stage tests

iv

29 -

30
30
30
30
32
33
37
37
37
38
39

42
44
45

47
47
49
49
51
52
33
54
54
56
58
58
61

63
63
67
67
67



4.3.1.2 Multi-stage tests
4.3.2  Vapour equilibrium technique

4.3.2.1 Single-stage tests

4.3.2.2 Multi-stage tests
4.3.3  Filter paper method

4.4  Triaxial test series
44.1 Background
44.2 Equipment
4.4.2.1 Triaxial testing system and instrumentation
4.4.2.2 Volume change measurement system
44.3 Specimen preparation
4.4.4 Tests to examine the effect of total stress on suction
measurements using psychrometers
4.44.1 Setup
4.44.2 TIsotropic compression tests
4.4.4.3 Shear compression tests
4.4.5 Isotropic compression tests with volume change measurements
4.5 Mercury porosimetry studies
4.5.1 Background
4.5.2 Equipment
4.5.3 Influence of drying temperature on specimen disturbance
4.5.4  General procedures for specimen preparation
4.5.5 Test procedures
4.5.6  Factors affecting the interpretation of mercury intrusion
porosimetry data
4.6  Scanning electron microscopy
CHAPTER 5 SUCTION TEST RESULTS
5.1  Background
5.2  Effects of water content and degree of saturation on total suction
5.3  Hysteresis
5.4  Osmotic suctions
5.5 Temperature effect
5.6  Shrinkage behaviour
5.7 Discussion and summary

68
69
70
70
71
73
73
73
73
74
76
78

78
79
80
81
83
83
83
84
85
85
86

88

89
89
92
93
95
97
98



CHAPTER 6 TRIAXIAL TEST RESULTS

6.1  Background 101
6.2  Descriptive parameters 101
6.3  Isotropic compression tests with suction measurements using 103
psychrometers
6.3.1  Background 103
6.3.2 Results 103
6.3.3  Total suctions measured under atmospheric pressure conditions 111
6.3.4 Summary 112
6.4  Shear compression tests with suction measurements using psychrometers 113
6.4.1 Background 113
6.4.2 Testing program 113
6.4.3  Stress-strain characteristics and total stress paths 115
6.4.4 Total suction responses 116
6.4.5 Total suction response of Specimen SB1880TS4 118
6.4.6 Summary , 119
6.5 Isotropic compression tests with volume change measurements 120
6.5.1 Background 120
6.5.2  Testing program 120
6.5.3 Results 123
6.5.3.1 Specimens SB2108V1, SB1680V3, SB1880V4, and 123
SB3080V6
6.5.3.2 Specimens SB1895V5 and SB1995V2 125
6.54 Summary 126
CHAPTER 7 MERCURY INTRUSION POROSIMETRY STUDIES
7.1  Background 127
7.2 Relation between clay mineralogy and pore size distribution 128
7.3 Relation between compaction variables and pore size distribution 130
7.4  Comparison in pore size distributions between pure clay specimens and 133
sand-clay specimens
7.5  Effect of saturation on pore size distributions in compacted clays 136
7.6  Effects of isotropic and shear compression stresses on pore size 137
distribution
7.7  Comparison between measured and theoretical porosities 139
7.8  Summary 140

vi



CHAPTER 8 BUFFER/CONTAINER EXPERIMENT

8.1 Background
8.2  Canadian Nuclear Fuel Waste Management Program
8.3  Buffer/Container Experiment
8.4  Moisture sensor measurement scheme
8.5  General observations
8.5.1 Temperatures
8.5.2  Total pressures
8.5.2.1 Observations before heater activation
8.5.2.2 Observations after heater activation
8.6  Psychrometer responses
8.6.1 Observations before heater activation
8.6.2  Observations after heater activation
8.7 Responses of thermal needles
8.8  Moisture distributions at the end of experiment
8.9  Comparison of end-of-test psychrometer-measured and actual water
contents
8.10 Summary
CHAPTER 9 DISCUSSION AND SYNTHESIS
9.1 Introduction
9.2 Soil structure considerations
9.3  Suction properties
9.3.1 Background
9.3.2 Discussion
9.4  Volume change behaviour of unsaturated sand-bentonite material
9.4.1 Background
9.4.2  Volume change behaviour
9.4.3 Discussion
9.5  Effect of total stress on suction measurements using psychrometers
9.5.1 Background
9.5.2 Comparison of total suction-total stress relationship between
specimens formed to different initial dry densities
9.5.3 Discussion
9.5.3.1 First time compression
9.5.3.2 Unload-reload cycles
9.54  Conclusions
9.6  Elastic-plastic modelling of unsaturated sand-bentonite material: a

preliminary investigation

vii

142
142
143
144
145
145
146
147
149
150
150
151
153
155
156

157

158
159
160
160
161
163
163
163
165
167
167
168

169
169
170
171
172



9.6.1 Background
9.6.2 Framework for elastic-plastic models
9.6.3 A conceptual model for unsaturated sand-bentonite material
9.6.4 Modelling of elastic-plastic behaviour of unsaturated sand-
bentonite material in shear
9.6.5 Discussion
9.7 Buffer/Container Experiment
9.7.1  Background
9.7.2  End-of-test water content distribution
9.7.3  Temperature effect on suction and water content measurements
by psychrometers
9.7.4  Total stress effect on suction and water content measurements
by psychrometers
9.7.5 Comparison of responses of psychrometers, thermal needles and
total pressure cells
9.7.6  Total system analysis
9.8  Summary
CHAPTER 10 CONCLUSIONS AND RECOMMENDATIONS

10.1 Background
10.2 Conclusions
10.3 Recommendations

10.3.1

Laboratory studies

10.3.2 In situ measurements

REFERENCES

TABLES
FIGURES

viii

172
172
174
175

178
181
181
182
183

187

190

192
192

195
196
198
198
199



2.1

2.2
3.1
32
33

4.1
4.2

43
4.4
4.5
46
47
4.8

6.1
9.1

LIST OF TABLES

Properties of common clay minerals (after Yong and Warkentin, 1975; Hillel,
1980).

Comparison of methods for measuring suctions.

Cooling parameters used in this study.

Comparison of psychrometer calibration factors.

Comparison of vapour pressures and absolute humidities at different
temperature.

Summary of conditions of specimens tested by the psychrometer method.
Summary of conditions of sand-bentonite specimens in the vapour equilibrium
test series.

Summary of conditions of sand-illite specimens in the vapour equilibrium test
series.

Summary of conditions of Boom clay specimens in the vapour equilibrium test
series.

Summary of conditions of sand-bentonite specimens in the filter paper test
series.

Summary of conditions of sand-illite specimens in the filter paper test series.
Summary of conditions of Boom clay specimens in the filter paper test series.
Summary of conditions of sand-bentonite specimens in the triaxial test series.
Comparison of measured total suctions at ambient atmospheric pressures.
Comparison of calculated and measured suctions in compacted clays.



2.1

2.2
23
24
2.5

2.6

2.7

2.8

3.1

3.2
3.3
34
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13

3.14
3.15
3.16
3.17
4.1
4.2

4.3

LIST OF FIGURES

Structure of (a) kaolinite, (b) illite, (c) montmorillonite (after Yong and
Warkentin, 1975).

A simple unsaturated soil system.

Effect of water content on curvature of air-water interface (after Spangler, 1966).
Effect of particle size on curvature of air-water interface (after Spangler, 1966).
Influence of state of packing of soil on curvature of air-water interface (after
Spangler, 1966).

Influence of wetability of soil grains on curvature of air-water interface (after
Spangler, 1966).

Comparison of suction-water content relationships between a clayey soil and a
sandy soil.

A schematic of the normal consolidation line (NCL) and critical state line (CSL)
of a saturated soil.

Relation between saturated vapour pressure of water, dew point, and wet bulb
depression (after Monteith, 1973).

Thermocouple psychrometer: Wescor Type PCT-55.

A schematic of a Wescor Type PCT-55 psychrometer (after Briscoe, 1984).
An output of a psychrometer used in the psychrometric mode.

Suction potential-molal concentration relationship for KCl at 25°C.
Psychrometer calibration scheme.

Suction potential-output relationship: Psychrometer # 36287.

Precision of Wescor psychrometers.

Variation of average error factor with suction potential.

Influence of temperature on psychrometer precision.

Variation of error factor with suction potential and temperature.

Comparison between standard error of coefficient and deviation parameter.
Results from test to examine long term drift of psychrometer outputs in sand-
bentonite materials at specified water contents.

Calibration relationships for Psychrometer # 36001 at different temperatures.
Vapour pressures of water and 2 m KCl solution.

Comparison between converted V,5 outputs and outputs predicted by the 25°C
calibration relationship: Psychrometer # 36001.

Comparison between converted V5 outputs and outputs predicted by the 25°C
calibration relationship: Psychrometer # 36009.

Particle size distribution of graded silica sand (determined by ASTM Test
Designation: D 422).

Particle size distributions of bentonite, illite and Boom Clay (determined by
ASTM Test Designation: D 422).

Dry density-water content relationships of sand-bentonite material, sand-illite



4.4
4.5
4.6
4.7

4.8

4.9

4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17
4.18
4.19
4.20

5.1
52
53
54
5.5
5.6
5.7
5.8
5.9

5.10

5.11

5.12
5.13
5.14
5.15
5.16
5.17
5.18
5.19

material, and Boom Clay.

A compacted sand-bentonite specimen with an embedded psychrometer.
Relative humidity and suction potential of sulphuric acid.

Vapour equilibrium test.

Time to equilibrium in vapour equilibrium tests: sand-bentonite specimens over
sulphuric acids at specified concentrations.

Suction potential-water content relationship for Whatman Type 42 filter paper.
Filter paper test.

Triaxial cell with lucite and aluminum sleeves.

Volume change measurement scheme.

High pressure resistant burette.

Specimen chamber used in volume change measurement scheme.

Volume change-cell pressure relationship for Burette 2/System 1.

Volume change-cell pressure relationship for Burette 5/System 2.

Compaction mould with removable collar.

Stainless steel tee-shaped ram.

Specimen preparation and psychrometer installation.

Top cap fitted with a Conax ™™ fitting.

Comparison of pore size distributions in sand-bentonite specimens dried at
different temperatures.

Suction-water content relationship of sand-bentonite material.

Suction-water content relationship of sand-illite material.

Suction-water content relationship of Boom Clay.

Suction-saturation relationship of sand-bentonite material.

Suction-saturation relationship of sand-illite material.

Suction-saturation relationship of Boom Clay.

Effects of saturation and temperature on total suction in sand-bentonite material.
Suction-water content relationships of uncompacted sand-bentonite material.
Suction-water content relationships of compacted sand-bentonite material: 5 mm
thick, ys = 1.48 Mg/m®.

Suction-water content relationships of compacted sand-bentonite material:

10 mm thick, ys = 1.74 Mg/m°.

Influence of water content on total and osmotic suctions in sand-bentonite
material.

Influence of saturation on total and osmotic suctions in sand-bentonite material.
Influence of water content on total and osmotic suctions in sand-illite material.
Influence of saturation on total and osmotic suctions in sand-illite material.
Influence of water content on total and osmotic suctions in Boom Clay.
Influence of saturation on total and osmotic suctions in Boom Clay.

Influence of temperature on total suction in sand-bentonite material.

Influence of temperature on total suction in sand-illite material.

Influence of temperature on total suction in Boom Clay.



5.20
5.21
5.22

5.23
5.24

5.25
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10

6.11
6.12

6.13
6.14

6.15
6.16
6.17
6.18
6.19
6.20
6.21
6.22
6.23

6.24
7.1

7.2

Influence of temperature on total suction in sand-bentonite material.
Interaction between clay particles, diffuse double layers, and free water.
Shrinkage behaviour of sand-bentonite material prepared at initial water contents
of 16.8% to 18.5%.

Shrinkage behaviour of sand-illite material prepared at initial water contents of
8.5% to 10.0%.

Shrinkage behaviour of Boom Clay prepared at initial water contents of 14.8% to
17.7%.

Soil structures of loosely compacted and densely compacted specimens.

Total suction-total stress relationship: Specimen SB1780TX.

Total suction-total stress relationship: Specimen SB1880TX.

Total suction-total stress relationship: Specimen SB1980TX.

Total suction-total stress relationship: Specimen SB2080TX.

Total suction-total stress relationship: Specimen SB2180TX.

Total suction-total stress relationship: Specimen SB2280TX.

Total suction-total stress relationship: Specimen SB1895TX.

Total suction-total stress relationship: Specimen SB1995TX.

Total suction-total stress relationship: Specimen SB2295TX.

Total suction-total stress relationships: SB1880TS2, SB1880TS3, and
SB1880TS4.

Stress-strain behaviour of unsaturated sand-bentonite material.

Total stress paths of sand-bentonite specimens tested in shear compression
tests.

Total suction-axial strain relationships of unsaturated sand-bentonite material.
Deviator stress-total suction relationships of unsaturated sand-bentonite
material.

Total suction-total stress relationships of unsaturated sand-bentonite material.
Variation of total suction with time in Specimen SB1880TS4.

Volume strain-total stress relationship of Specimen SB2180V1.

Volume strain-total stress relationship of Specimen SB1995V2.

Volume strain-total stress relationship of Specimen SB1680V3.

Volume strain-total stress relationship of Specimen SB1880V4.

Volume strain-total stress relationship of Specimen SB1895VS5.

Volume strain-total stress relationship of Specimen SB3080Vé.

Comparison of volume strain-total stress relationships of “low density” sand-
bentonite specimens.

Comparison of volume strain-total stress relationships of “high density” sand-
bentonite specimens.

Comparison of pore size distribution in sand-bentonite material, sand-illite
material, and Boom Clay.

SEM micrographs of the soil structure in compacted sand-clay material (low
magnifications X12 & X13).



7.3

7.4

7.5

7.6

7.7

7.8
7.9

7.10

7.11

7.12

7.13

7.14

7.15

7.16

7.17
8.1
8.2
8.3
8.4
85
8.6

8.7

8.8
8.9

SEM micrographs of the soil structure in compacted sand-clay material (high
magnifications X5000).

Comparison of pore size distributions in sand-bentonite specimens formed to
w = 17.6% at different dry densities.

Comparison of pore size distributions in sand-bentonite specimens formed to
w = 20.3% at different dry densities.

Comparison of pore size distributions in sand-illite specimens formed to w = 9%
at different dry densities.

Comparison of pore size distributions in illitic clay specimens formed to

w = 11% at different dry densities.

Conditions of penetrometer-specimen assembley after mercury filling.
Comparison of pore size distributions in sand-bentonite specimens formed at
va= 1.41 Mg/m> to different water contents.

Comparison of pore size distributions in sand-bentonite specimens formed at
v¢= 1.67 Mg/m® to different water contents.

Comparison of pore size distributions in illitic clay specimens formed at

va = 2.04 Mg/m® to different water contents.

Comparison of pore size distributions in sand-bentonite material, sodium
bentonite, calcium bentonite, and natural bentonite.

Comparison of pore size distributions in sand-bentonite specimens formed to
different degrees of saturation.

Comparison of pore size distributions in isotropically compressed sand-
bentonite specimens formed at y; = 1.40 to 1.45 Mg/m’ to specified water
contents.

Comparison of pore size distributions in isotropically compressed sand-
bentonite specimens formed at y; = 1.66 Mg/m? to specified water contents.
Comparison of pore size distributions in sheared sand-bentonite specimens
formed at y; = 1.40 to 1.43 Mg/m> to w = 18.1% to 19.0%, tested at specified
confining pressures. ,

Comparison between measured and theoretical porosities in compacted clays.
Buffer/Container Experiment.

Moisture sensor scheme in the Buffer/Container Experiment.

Modified and conventional Wescor psychrometers.

Thermal conductivity-water content relationships for sand-bentonite material.
Evolution of temperature in the Buffer/Container Experiment.

Temporal variations of temperature gradients in buffer and sand along the vertical
axis of the Buffer/Container Experiment.

Temperature gradients in buffer and sand at the mid-height level of heater at
specified times since heater activation.

Total pressure responses in the Buffer/Container Experiment.

Total pressure responses in the Buffer/Container Experiment.



8.10
8.11
8.12
8.13
8.14

8.15

8.16

8.17
8.18
8.19
8.20
8.21
8.22
8.23
8.24
8.25

8.26
8.27
8.28
8.29
9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8
9.9

9.10
9.11

Total pressure responses in the Buffer/Container Experiment.

Total pressure responses in the Buffer/Container Experiment.

Total pressure responses in the Buffer/Container Experiment.

Total pressure responses in the Buffer/Container Experiment.

Total pressure distributions measured by Geonor total pressure cells along the
buffer/rock interface.

Total pressure distributions measured by Geonor total pressure cells along the
buffer/rock interface.

Total pressure distributions measured by Roctest pneumatic load cells along the
vertical axis of the experiment.

Total suction responses in the Buffer/Container Experiment.

Total suction responses in the Buffer/Container Experiment.

Total suction responses in the Buffer/Container Experiment.

Total suction responses in the Buffer/Container Experiment.

Water content-time relationship in the Buffer/Container Experiment.

Water content-time relationship in the Buffer/Container Experiment.

Water content-time relationship in the Buffer/Container Experiment.

Water content-time relationship in the Buffer/Container Experiment.

Water content-time relationships in the Buffer/Container Experiment using
thermal needles.

Water content-time relationships in the Buffer/Container Experiment using
thermal needles.

End-of-test water content distribution in the Buffer/Container Experiment.
End-of-test dry density distribution in the Buffer/Container Experiment.
Comparison of water content measurements at the end of the Buffer/Container
Experiment.

A simple unsaturated soil system.

Soil structure in a compacted clay.

Volume strain-total stress relationships of unsaturated sand-bentonite material.
Volume strain-total stress relationships of unsaturated sand-bentonite material.
Relationship between pressure at first-yield and average compaction pressure in
unsaturated sand-bentonite material.

Sponge-ball model to demonstrate the effect of compression on soil macro- and
micro-structures.

Comparison of total suction-total stress relationships of unsaturated sand-
bentonite specimens formed to specified dry densities and water contents.
Comparison of total suction-total stress relationships of unsaturated sand-
bentonite specimens formed to specified dry densities and water contents.
Comparison of total suction-total stress relationships of unsaturated sand-
bentonite specimens formed to specified dry densities and water contents.
Yield surface for unsaturated soils (after Wheeler and Sivakumar, 1995).
Schematic of load-induced yielding and development of a hardening surface (after

Xiv



9.12
9.13
9.14
9.15
9.16
9.17

9.18

9.19

9.20

9.21

Alonso et al., 1987).

A conceptual model for unsaturated sand-bentonite material.

Stress path of Specimen SP1.

Stress path of Specimen SP2.

Stress path of Specimen SP3.

Stress path of Specimen SP4.

Pore water potential contours and interpreted flow paths - zero head elevation at
emplacement hole collar (after Graham et al., 1996).

Comparison of water content change between psychrometer BX8 and thermal
needle BN4.

Swelling pressure development in saturated buffer and compression of
unsaturated buffer.

Interpretation of water content changes measured by psychrometers and thermal
needles in the Buffer/Container Experiment at specified times since heater
activation.

Total pressure and total suction responses in the Buffer/Container Experiment.



fﬂm

[y]

-
-]

ANARFRATR O™
<

-

LFHhos R

LIST OF SYMBOLS AND ABBREVIATIONS

Tortuosity factor

Coefficient in the temperature correction equation for psychrometer
Coefficient of soil structure volume change with respect to change in net total
stress

Coefficient of soil structure volume change with respect to change in matric
suction

Coefficient in the temperature correction equation for psychrometer
Coefficient of water content change with respect to change in net total stress
Coefficient of water content change with respect to change in matric suction
Ionic concentration midway between two parallel clay particles

Ionic concentration in the free water

Specific heat capacity of soil liquid water

Specific heat capacity of soil water vapour

Coefficient in the governing equation for heat flow

Coefficient in the governing equation for heat flow

Coefficient in the governing equation for moisture transfer

Coefficient in the governing equation for moisture transfer

Volumetric heat capacity

Thermal moisture diffusivity

Diffusion coefficient of water vapour in air

Isothermal liquid diffusivity

Isothermal vapour diffusivity

Pore diameter

Voids ratio

Theoretical voids ratio

Fractional cross sectional area available for diffusion

Specific gravity of clay

Gravity

Hydraulic gradient

Hydraulic conductivity or coefficient of permeability

Coefficient in the governing equation for heat flow

Coefficient in the governing equation for heat flow

Coefficient in the governing equation for moisture transfer

Coefficient in the governing equation for moisture transfer

Intrinsic permeability

Latent heat of water

Original length of a specimen

Molecular mass of water



M Stress ratio at critical state

N Location of isotropic compression line in v:Inp’ plane
n Porosity

nr Theoretical porosity

P Swelling pressure

p Applied pressure in a mercury intrusion porosimetry test
p Cell pressure

P Mean total stress

p’ Mean effective stress

p* Total stress

Pat Mean total stress with respect to atmospheric pressure
Q Volumetric water content

q Deviator stress

R Molar gas constant

r Curvature of an air-water meniscus

S Suction potential

S Total suction

Sm Matric suction

S, Osmotic suction

s Matric suction

T Temperature

Ts Surface tension of mercury

t Time

U, Pore air pressure

Uy Pore water pressure

\Y% Measured output voltage of a psychrometer
\% Volume change

Vo Vapour pressure

Vs Corrected output voltage of a psychrometer
\4 Flow velocity

\4 Partial vapour pressure

v Specific volume

Vo Saturated vapour pressure of water

w Water content (by mass)

X Distance in the x direction

X Bishop’s Chi factor

£ Strain

£ Axial strain

& Lateral strain

£ Shear strain

€, Volume strain



Frictional angle with respect to change in net total stress
Frictional angle with respect to change in net matric suction
Location of critical state line in compression plane

WY
AL

Bulk density
Clay dry density
Dry density
Density of water

Slope of normal consolidation line or critical state line in v:Inp’ plane

Thermal conductivity
Viscosity

Density

Total stress

Major principal total stress
Minor principal total stress
Effective stress

Major principal effective stress
Minor principal effective stress

Surface tension of an air-water interface

Shear strength

Contact wetting angle between mercury and soil particles

Water content (by volume)
Matric suction

Matric potential

Change in length of a specimen

Xviii



CHAPTER1 INTRODUCTION

1.1  Background

Compacted clays are engineered soil materials which are frequently used in a
variety of geotechnical and environmental engineering projects. Examples include
highway embankments, earth dams, and landfill liners and covers. In recent years, several
countries where nuclear power is used to produce electricity, have been developing
methods for the disposal of radioactive wastes. A common approach is the use of
compacted clays as engineered barriers in waste repositories to control moisture
movement and contaminant transport within and around the disposal sites (AECL, 1994).

Generally, compacted clay barriers are constructed by compacting suitable clay
material at a known water content to densities greater than a specified minimum dry
density. Normally, pores in the compacted clay will not be saturated with water at the
end of construction. That is, the voids between mineral particles are not completely filled
with water. Among other factors, the degree of saturation will influence the behaviour of
the unsaturated clay. Through an understanding of the constitutive properties of the
unsaturated soil in relation to distortion, volume change, and moisture movement, the
performance of the clay and the change in performance with changes in degree of
saturation can be assessed.

The behaviour of unsaturated compacted clays depends largely on their water
contents (Alonso et al., 1987; Thomas, 1992). Water content changes in the soil cause
effective stresses, pore air and pore water pressures, and the chemical composition of the
pore water to vary. These variations may lead to deformation of the soil. Conversely,
deformation alters the fabric and pore size in the soil. In turn these alterations affect the

flow paths in the soil through which air and moisture travel. Therefore, thorough



understanding and complete solutions to problems of stability and moisture flow in
compacted clays require considerations of coupled processes.

In recent years, several models have been proposed in attempts to rationalize
constitutive behaviour and moisture movement in unsaturated soils (Alonso et al., 1990;
Thomas, 1992; Fredlund and Rahardjo, 1993; Wheeler and Sivakumar, 1995). Generally,
these models are applicable to a limited range of simple soil materials which include
cohesionless granular materials and non-swelling clays. Attempts are currently being
made to extend these frameworks to more complex engineered materials including dense
swelling clays (for example, Gens and Alonso, 1992).

For simple soils, there is a general consensus that the behaviour of an unsaturated
soil can be quantitatively described in terms of suction and a limited number of state
variables such as void ratio, water content, stress, and temperature (Alonso et al., 1990;
Fredlund and Rahardjo, 1993; Wheeler and Sivakumar, 1995). "Suction" is the term used
to describe pressures in the water phase that are less than atmospheric. Thus, the use of
contemporary models to characterize the behaviour of an unsaturated soil requires the
knowledge of relationships between suction and the other state variables. Furthermore,l
material parameters required for the models must be measurable in laboratory tests in
which suctions in the soil can be controlled or measured.

One way of determining suctions in unsaturated soils is the use of the
psychrometric technique. This technique relates the suction in an unsaturated soil to the
vapour pressure of water in the air in the soil through thermodynamic relationships.
Hence, if the vapour pressure in the air in the soil is known, its suction can be determined.
A commonly used, commercially available instrument that measures vapour pressures in
soils is the thermocouple psychrometer (Richards, 1969). Thermocouple psychrometers
have been mostly used in soil science, plant science and agricultural applications (Wiebe

et al.,, 1971; Campbell and Campbell, 1974). Psychrometers also have been used to



measure suctions in natural soils in geotechnical engineering investigations (Richards et al.,
1983). However, few attempts have been made to use psychrometers for measuring
suctions or as moisture sensors in engineered materials such as the compacted clays used
for constructing clay liners and barriers for waste disposal schemes. The aim of the
research being reported here was to investigate the usefulness of thermocouple
psychrometers for tracking in situ suctions and local changes in water content in

engineered, compacted clay materials.

1.2 Introduction to thermocouple psychrometry

A typical thermocouple psychrometer is small and simple in design. It consists of
a thermocouple circuit protected by a ceramic shield (Briscoe, 1984). Compared with
other methods for soil suction measurements, psychrometers can operate successfully in
a relatively wide range of suctions from 100 kPa to 7000 kPa (Briscoe, 1984). Because of
their small size, psychrometers can be used in both laboratory and field applications
(Richards et al., 1983; Edil and Motan, 1984).

The operation of psychrometers is based on principles of thermoelectricity. The
outputs of the instruments are related to the vapour pressure in the air in unsaturated soil.
The vapour pressure is influenced by several factors including temperature and capillarity
(Hillel, 1980). Hence, changes in these factors result in changes in the vapour pressure,
which lead to complexities in the interpretation of suction measurements made by the
instruments. The principle and operation of thermocouple psychrometers are dealt with
more fully in Chapter 3.

In the past, largely, research on psychrometers has been focussed on the effects of
temperature on instrument accuracy and performance (Richards, 1969; Brown, 1970;
Campbell and Campbell, 1974; Brown and Bartos, 1982). These studies show that

temperature fluctuations and temperature gradients lead to temporal and spatial variations



in the vapour pressure in the soil. Attempts to quantify the effects of temperature
fluctuations on psychrometer outputs were made by Wiebe et al. (1970) and Brown
(1970), who proposed empirical temperature-correction formulae for several commercial
psychrometers. However, the effect of temperature gradients on psychrometric
measurements remains difficult to quantify (Brown and Bartos, 1982), and little work has
been done in this area. It is generally considered that psychrometers cannot be used to
provide meaningful data under the influence of temperature gradients. Research described
in this thesis has provided data on the effects of temperature gradients on the accuracy of
psychrometers. Data from a large scale in sifu experiment designed to examine a
compacted sand-bentonite material as a component of a disposal facility for radioactive
waste have been used to examine the role of temperature and vapour pressure gradients on
the accuracy and precision of thermocouple psychrometers.

The role of capillarity in controlling vapour pressures, and hence suctions, in
dense, compacted clay soils has received little attention in the literature. The use of
psychrometers in these soils is complicated by the fact that compacted clays generally
develop complex structures characterized by aggregations of clay particles and peds,
containing pores with a wide range of diameters which often fall into more than one range
of typical pore size. That is, pore size distribution curves are often bi- or tri-modal
(Diamond, 1970; Garcia-Bengochea et al., 1979; Juang and Holtz, 1986). The size and
distribution of the capillary pores within the soil structure have considerable influence on
the vapour pressure in compacted clays.

Moisture movements that accompany stress variations lead to deformations and
volume changes in the soil, resulting in changes in porosity and pore size distribution.
Because of the complexities associated with soil structure, it is unclear how stress- or
strain-induced changes in soil structure will affect suction measurements made by

psychrometers. For this reason, there has been uncertainty whether psychrometers can



be used as moisture sensors to measure vapour pressures, suctions and water contents in
deforming soils. Before confidence can be gained in measuring material parameters in
laboratory tests, and in tracking in situ moisture transients in these complex materials,
better understanding is needed of the limitations and accuracy of psychrometers.

In summary, there is a need to understand better the stress-strain behaviour of
unsaturated compacted soils, particularly plastic clays and the compacted sand-bentonite
that has been proposed for nuclear waste disposal (Graham et al., 1992). Psychrometers
measure vapour pressure which can be related to total suction. It is known that total
suction affects the strength and compressibility of unsaturated soils, but the conditions
under which readings of psychrometers are meaningful and useful are unclear. Therefore,
research was undertaken to clarify the conditions under which psychrometers can be
operated in such a way that their readings contribute usefully to a better understandihg of
the behaviour of unsaturated clay soils. The improved understanding is mostly needed in
connection with various technical questions relating to waste retention and disposal in
geo-environmental engineering. Solutions to the technical questions related to nuclear fuel
waste disposal would assist the resolution of other questions with respect to the general

use of unsaturated, compacted clays in geo-environmental engineering applications.

1.3  Scope of study

The objective of this research was to examine the usefulness of thermocouple
psychrometers as moisture sensors in tracking suction and moisture transients in
compacted clays. In particular, the effects of stress, deformation, and temperature
gradients on suction and vapour pressure measurements in compacted sand-clay materials
made by psychrometers were investigated.

A review of literature revealed that past research on psychrometers has been

exclusively on temperature effects (Chapter 2). A laboratory testing program was



therefore carried out to investigate the effects of total stress and deformation on suction
measurements made in compacted clay soils using commercially available psychrometers.
To provide confidence in the measurements by psychrometers, the instruments were first
calibrated, and the precision, accuracy, and long term performance of the instruments
were defined (Chapter 3). Using psychrometers and two other conventional methods,
namely vapour equilibrium and filter paper methods, a series of laboratory tests was
carried out to measure the suction-water content relationships of three different soil types
under normal atmospheric pressures (Chapter 5). The soils investigated in this study
were a sand-bentonite material, a sand-illite material and a reconstituted low-plastic
natural clay. The effects of water content, saturation and temperature on suctions in
these soils were evaluated.

The possible performance of thermocouple psychrometers as internal sensors in
soil masses was investigated in a series of laboratory scale triaxial compression tests
(Chapter 6). A new technique for installing a psychrometer inside a test specimen during
specimen formation was developed. Triaxial compression tests were carried out on
unsaturated compacted sand-bentonite/psychrometer specimens to investigate the effects
of stress variation and deformation on suctions measured by psychrometers.

Mercury intrusion porosimetry tests were carried out to determine the pore size
distributions of the soils used in this research (Chapter 7). Results from these tests were
used to identify the level of complexity of the soil structure and those elements of
structure which controls the suction properties in the compacted materials.

The use of psychrometers to measure in situ suctions and water contents was
investigated in the Buffer/Container Experiment, a large scale in sifu experiment carried
out to examine the performance of a sand-bentonite material used for radioactive waste

disposal (Chapter 8).



Based on the findings from suction, triaxial, and mercury intrusion porosimetry
tests, a new framework incorporating the concept of soil structure was proposed to
explain the effects of stress variations and distortions on suction measurements using
thermocouple psychrometers (Chapter 9). The usefulness of the understanding
developed through the laboratory studies to field investigation was examined. The roles
of temperature-induced vapour pressure gradients, and total stress on the precision and
accuracy of psychrometers for tracking in situ suction and moisture transients in
compacted clays were discussed.

The laboratory and in situ investigations reported in this thesis clarify the
conditions under which psychrometers can be operated so that they provide meaningful

data in the study of the behaviour of unsaturated soils (Chapter 10).



CHAPTER 2 LITERATURE REVIEW

2.1  Background

The research carried out in this study concerns the use of psychrometers for
measuring soil suctions and water contents in compacted clays. The literature review
presented in this chapter focuses on two main areas: soil suction and properties of
compacted clays. A review of the principle of thermocouple psychrometers is given in
Chapter 3. The purpose of the review is to clarify what was already known about the
performance and operation of psychrometer, and to aid the development of the program
of research that has been undertaken.

This chapter divides into five parts. It begins with a review of clay mineralogy.
The second part presents theories of soil structure, in particular, the influence of soil
structure on the behaviour of compacted clays. The third part of the chapter deals with
theories of soil suction. Most compacted clays are unsaturated in nature. A better
understanding of their behaviour requires a basic knowledge of theories of unsaturated soil
mechanics. To provide this, the fourth part of the chapter reviews theories relating to
constitutive modelling of and moisture flow phenomena in unsaturated soils. The fifth
and last part presents the conclusions from the literature review, and gives the objectives

of the study described in subsequent chapters.

2.2  Clay mineralogy

2.2.1 Clay minerals
It is important to distinguish between clay-size particles and clay minerals. Clay-
size particles may have any mineralogical composition but are defined as having an

equivalent diameter less than 2um (Mitchell, 1976). They can contain spherical or



angular particles of primary minerals such as quartz, feldspar or calcite. In contrast, clay
minerals are compounds of alumino-silicates derived from chemical weathering of igneous
and metamorphic rocks. They are usually curved, flaky or platy in nature (Grim, 1953;
Pusch et al., 1990). Clay minerals can exist with sizes larger than 2 pm, though this is
relatively unusual. The presence of the only small amount of clay minerals in soils can
considerably influence their physical properties.

Clay minerals are crystalline materials formed from sheets of silica and alumina
(Figure 2.1). Silica sheets are composed of silicon and oxygen atoms, while alumina
sheets are made up of aluminum atoms and hydroxyl groups. The silicon and aluminum
atoms in these sheets may be partially replaced by other elements with similar atomic
size but different valency in the process known as "isomorphous substitution". Because
of imperfections in the lattice structure due to isomorphous substitution, clay minerals
generally carry surface charges. Small size, plate-like nature, high specific surface, and the
extent of electrochemical unbalance are the major factors that influence the behaviour of
clay minerals. For example, they are well known for their affinity for water and in some
cases, for their tendency to swell when in contact with water.

There are three common types of clay minerals: kaolinite, illite, and
montmorillonite. Their properties are compared in Table 2.1. The basic unit structure of
each mineral is shown schematically in Figure 2.1. The differences in the mineral
structure and in the bonding between basic structural ﬁnits lead to differences in size and
surface charges of the clay minerals. These latter factors in turn play an important role in
influencing the properties of soils. Among clay minerals, particles of montmorillonite are
generally smallest and therefore have largest specific surface. Montmorillonite minerals
also have the highest density charges. This is reflected by their high values of plastic and
liquid limits which are quoted as high as 100% and 800% respectively (Yong and

Warkentin, 1975). In contrast, kaolinite minerals generally have the largest particle size



and small specific surfaces. They have low surface density charges, with plastic and

liquid limits of 35% and 70% respectively (Yong and Warkentin, 1975).

2.2.2 Clay-water interaction

In a clay-water system, exchangeable cations are attracted to the surfaces of clay
particles. Water molecules, being dipolar, are also attracted to clay particles. Under the
influence of various types of physico-chemical forces, water exists in three different
forms (Mitchell, 1976; Cheung et al., 1987). Surface water is the first 2-3 molecular
layers of water tightly attached to the clay particle surface. Its physical properties are
strongly influenced by the particle. Next furthest away from the surface water is
adsorbed water. This water forms part of a diffuse double layer in which cations dominate
and counterbalance the negative charges of the clay particle. The distribution of cations in
the diffuse double layer decreases with increasing distance from the clay surface (Yong
and Warkentin, 1975; Mitchell, 1976). Because of its close proximity to the clay, the
adsorbed water is attracted to the clay particle under a variety of forces including
hydrogen bonding and van der Waals forces (Lambe and Whitman, 1969). Surface water
and absorbed water are sometimes referred to as immobile water (or structural water)
because of their relative immobility and their properties being different from those of
ordinary water (Cheung et al., 1987). The third type of water is free water (or interstitial
water). This water is not affected by the surface charges on the clay particles and is free
to move around in open pores. Montmorillonite is the prime material being investigated
in this study and has the highest degree of structuring of soil water.

An important property of montmorillonites, and to a less extent illite, is their
ability to swell when given access to water. The mechanism of swelling is complex and is

influenced by many factors including mineralogy, soil structure, temperature, and water
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chemistry. Theoretically, the swelling pressure in a clay may be estimated using the Van't

Hoff equation (Yong and Warkentin, 1975):

P = RT(C¢-2Co) [2.1]

where P is the swelling pressure, R is the molar gas constant, T is the absolute
temperature, C¢ is the ionic concentration midway between two parallel particles, and Cg
is the ionic concentration in the free water.

Swelling of surface-active clays is often explained by consideration of the
physico-chemical interactions between free water and the diffuse double layers
surrounding the clay minerals in accordance with the diffuse double layer theory
proposed by Guoy (1910) and Chapman (1913). The diffuse double layer theory was
originally developed to explain interactions of ions in dilute solutions. While the theory is
considered to be applicable to clay-water systems with high water-to-clay ratios (Bolt,
1956; Sridharan and Jayadeva, 1982), the diffuse double layer theory has also been used
to help describe swelling phenomena in dense water-saturated clay materials (Graham et
al., 1989). According to the theory, when two clay particles are brought close together,
their respective diffuse double layers interact with each other. Interaction between the
diffuse double layers of two clay particles with similar orientations will result in a higher
concentration of cations in the water between the particles than that in the free water.
The overlapping diffuse double layers between the clay particles act as a semi-permeable
membrane (Mitchell, 1976). This leads to the development of an osmotic potential
gradient between the overlapping diffuse double layers and the free water. The
consequence is a tendency for free water to move into the space between the particles,

leading to the generation of osmotic pressure that tends to force the particles apart. The
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mechanical pressure required to oppose this osmotic pressure is known as swelling

pressure (Yong and Warkentin, 1975).
2.3  Theory of soil structure

2.3.1 Concepts of soil structure

Soil structure plays an important role in influencing the properties and behaviour
of compacted clays (Barden and Sides, 1970; Mitchell, 1976). The development of soil
structure is associated with several factors that include clay mineralogy, material
preparation, and methods of compaction.

In literature pertinent to the study of compacted clays, the terms "soil structure"
and "soil fabric" are often used interchangeably (Collins, 1983). However, the terms have
also been specifically defined to reflect their usage in more specific senses as follows. Soil
structure is "the physical constitution of a soil material as expressed by the size, shape,
and arrangement of the solid particles and associated voids" (Brewer, 1964), and it is
intimately related to inter-particles forces (Yong and Warkentin, 1975). In contrast, soil
fabric is "the physical constitution of a soil material as expressed by the spatial
arrangement of the solid particles and associated voids" (Brewer, 1964). Therefore soil
fabric is an element of soil structure that is concerned only with the physical arrangement
of the soil particles. These specific definitions will be used in following chapters.

Concepts of soil structure in compacted soils have been significantly advanced by
Lambe (1958). His concepts were based on colloidal chemistry and dealt with
interactions between individual clay particles. The development of soil structure in
compacted clays is a phenomenon associated with material preparation and compaction
processes. Compaction improves the mechanical and hydraulic properties of a soil

(Lambe and Whitman, 1969). The degree of compaction of a soil is measured against a
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dry density - water content curve. This curve is normally obtained from standard
laboratory tests carried out in accordance to the American or British standards (American
Society of Testing and Materials D 1557; British Standards Institution BS 1377:1975). A
characteristic feature of such a curve is that for a given compaction effort, there is a
particular water content, known as the optimum water content, at which the highest dry
density of the soil is attained. In general, when a soil is compacted to its optimum water
content, it tends to exhibit the highest strength and lowest hydraulic conductivity (Lambe
and Whitman, 1969) for the selected level of compaction effort.

In Lambe's view, the type of soil structure in a compacted clay is influenced by
moulding water content and compaction effort. Soils compacted to the dry side of the
optimum water content tend to develop a flocculated, edge-to-face single particle
arrangement. In contrast, soils that are formed on the wet side of the optimum, possess a
dispersed structure in which clay particles are arranged in a more parallel face-to-face
manner. Lambe postulated further that static compaction would produce a more
dispersed particle arrangement than dynamic or kneading compaction.

It is now widely recognized that soil structures in compacted clays are much more
complex than those proposed in Lambe's concept. Evidence from scanning electron
microscopy reveals that interactions between single isolated particles are seldom found in
compacted soils (Aylmore and Quirk, 1960; Diamond, 1970; Barden, 1971; Delage and
Lefebvre, 1984; Wan, 1987). In contrast to Lambe's concept, clay particles tend to
aggregate into distinct groupings consisting of individual particles oriented in similar
directions. In turn, these groups, aggregations, or peds, behave as semi-rigid units that
interact to give the soil its mechanical properties (Aylmore and Quirk, 1960; Barden and
Sides, 1970). The engineering behaviour of compacted clays is not determined by
individual particle actions as originally suggested by Lambe but by interactions between

particle groupings or aggregates.
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2.3.2 Fabric and pore spaces

For clay soils, there are three levels of soil fabric that are recognized: macrofabric,
microfabric andvultra-microfabric (Yong and Warkentin, 1975). Macrofabric refers to the
level of soil structure that can be seen with the naked eye, whereas microfabric and ultra-
microfabric are the soil structures that can be detected only with the aid of an optical
microscope and an electron microscope, respectively. The latter two levels are often
lumped together and referred simply as microfabric (Collins, 1983).

At the ultra-microscopic level, the fabric units consist of single clay particles, or
of domains comprised of two or more parallel clay particles acting as a unit (Aylmore and
Quirk, 1960). Several domains combine to form a cluster which is the name given to the
fabric units at microscopic scale. The fabric units at the macroscopic level are called peds
which are aggregates consisting of clusters of clay particles separated from adjoining peds
by surfaces of weaknesses or recognizable voids (Brewer, 1964).

Pores within a ped are called micropores or intra fabric unit pores whereas those
existing between ped units are referred as macropores or inter fabric unit pores (Yong and
Warkentin, 1975). Measurements of pore size distributions in soils are usually obtained
using mercury intrusion porosimetry (Diamond, 1970). This technique is based on the
principle that mercury, a non-wetting fluid, does not enter a medium containing small
pores unless a pressure is applied. The applied pressure (p) is directly related to the
pore diameter (d) by the Washburn equation,

_4TscosB

p= 1 [2.2]

where T, is the surface tension of mercury, 6 is the contact wetting angle between

mercury and the soil particles. The pore size distribution in a soil is the frequency
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distribution of the volume of mercury intruded at different applied pressures (from which
the diameters are calculated using the Washburn equation).

Results from mercury intrusion porosimetry on compacted clays and sand-clay
mixtures show that the pore sizes in these compacted soils are often bimodal, consisting
of quite separate distribution of micropores and macropores. The micropores appear to
be largely unaffected by either compaction effort or moulding water content (Diamond,
1970, Garcia-Bengochea et al., 1979; Juang and Holtz, 1986). In contrast, increasing
compaction effort or increasing water content leads to a reduction in the volume of
macropores in the soil. The conclusion derived from this latter observation is that
macrostructures in compacted clays are largely the artifacts of material preparation and

compaction.

2.3.3 Relationships between soil structure and engineering properties

2.3.3.1 Background

The development of soil structure in compacted clays is a phenomenon associated
with material preparation and compaction processes. The soil structure in a compacted
clay is largely influenced by the moulding water content and the compaction forces.
During material preparation, when water is added to the soil, clay particles tend to
coalesce to form peds due to physico-chemical interactions within the clay-water system
(Aylmore and Quirk, 1960). The peds behave essentially as individual particlés, and so
the behaviour and properties of the soil depend largely on the interactions of the peds.

To a large extent, the size and stiffness of the peds in a compacted clay soil,
depends on the moulding water content (Wan et al., 1990; Delage and Graham, 1995). At
higher water contents, peds are larger and wetter, and they tend to be easily distorted by

compaction and shear forces. In contrast, peds formed at lower water contents are
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smaller and stiffer. The stiffness of these drier peds is attributable to suctions within the

fabric units (Barden and Sides, 1970).

2.3.3.2 Mechanical and swelling behaviour

The stress-strain behaviour of a compacted clay is largely influenced by water
content and the confining pressure (Barden and Sides, 1970; Wan et al., 1990). As
discussed in section 2.3.3.1, the size of macro-peds tends to increase with increasing
moulding water content. At lower confining pressures, the stress-strain behaviour of the
soil is influenced by the interactions between macro-peds which behave like semi-rigid
individual units. At a given pressure level, soils formed with higher water contents are
more dilative in shear than those formed at lower water contents (Wan et al., 1990). As
the confining pressure increases, the ped structures tend to deform (Barden and Sides,
1970). At high confining pressures, the stress-strain behaviour and the strength of the
soil are essentially dominated by the interactions between individual clay particles.

A common phenomenon observed in unsaturated soils compacted on the dry side
of optimum water content is ‘collapse’ (Matyas and Radhakrishna, 1968; Tadepalli and
Fredlund, 1991). Collapse is a phenomenon in which, under the influence of a high
applied load, a soil experiences appreciable volume reduction on inundation with water.
Barden and Sides (1970) explained that in such a soil, metastable peds exist and their
integrities are initially sustained by suctions within the ped units. Upon wetting, the
peds lose strength and collapse into neighbouring macropores.

The swelling and consolidation behaviour of a compacted clay is also affected by
soil structure (Seed et al.,, 1962; Brackley, 1975; Wan et al., 1990). Brackley (1975)
studied the swelling characteristics of several remoulded montmorillonites and kaolinites,
and observed that the free swell in these soils is influenced largely by compaction water

content. He explained his observations using a "packet" model. He hypothesized that
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the soil structures in these clays may be visualized as consisting of water-saturated
packets of clay particles and inter-packet voids filled with air. Upon moisture uptake,
the sizes of individual packets increase as a result of physico-chemical interactions

between clay particles and pore water within the packets.

2.3.3.3 Suction properties

In analysing problems relating to moisture flow, the relationships of suction with
other state variables are required (Fredlund and Rahardjo, 1993). For sands and other
cohesionless materials, it is commonly accepted that soil suctions are related to dry
density or degree of saturation. In these materials, suctions are attributed to capillary
phenomena, and are related to the pore size distribution within the granular soil particle
structure. The pore size distribution is in turn affected by the packing of the soil
particles and is directly related to the dry density of the soil.

In contrast to cohesionless materials, experimental evidence shows that suctions in
compacted clays cannot be singularly related to dry density or degree of saturation
(Croney et al., 1958; Olson and Langfelder, 1965; Krahn, 1970; Gray, 1980). Croney et
al. (1958) attributed the difference in the suction behaviour between granular materials and
compacted clays to the differences in soil structure. They explained that a compacted
clay may be considered as a mixture consisting of peds of clay particles which may be
water-saturated or unsaturated, and macroscopic inter-ped air voids. The suctions in such
a material are largely controlled by the smaller capillary pores within the peds. A change
in the density of the soil basically reflects a change in the size of the larger macroscopic
voids. Changes in these macroscopic voids have little bearing on the suction in the soil as

a whole.

17



2.3.34 Conduction phenomena
Water flow in saturated soils is commonly described by Darcy's law (Yong and

Warkentin, 1975),
v=-K. [2.3]

where v is the flow velocity, K is the hydraulic conductivity of the soil medium, and i is
the hydraulic gradient. The hydraulic conductivity which is sometimes called the
coefficient of permeability, is a function of the porous medium and the permeant.
Hydraulic conductivity relates to permeability (also known as specific or intrinsic

permeability) by (Freeze and Cherry, 1979),

K = kpg [2.4]

where K is the hydraulic conductivity, k is permeability, p and p are density and
viscosity, respectively, of the permeant. Because permeability is a characteristic physical
property of a porous medium, it relates to certain measurable properties of the soil pore
geometry such as porosity and pore size distribution.

The water permeability of a saturated soil compacted dry of optimum is generally
higher than the soil formed to the same dry density at wet of optimum. For example,
Mitchell et al. (1965) found that the water permeability of a silty clay compacted on the
dry side of optimum is almost three orders of magnitude higher than the soil compacted
on the wet side of optimum. Lambe (1958) attributed the differences in permeability in
compacted soils formed on either side of the optimum to the differences in the clay
particle structure. He explained that soils compacted on the dry side tend to have a

flocculated open soil structure and therefore have higher porosities. In contrast, soils
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formed on the wet side form a closely packed dispersed soil structure with lower
porosity. Lambe and Whitman (1969) presented results for several clay soils and showed
that, among other factors, the permeability of a soil may be directly related to its void
ratio (total porosity). However, these relationships were later found to be inadequate for
compacted clays and sand-clay materials (Garcia-Bengochea and Lovell, 1981).

Olsen (1962) postulated that the differences in water permeability between soils
compacted on the dry side and the wet side of optimum water content can be explained
by means of a cluster model. According to Olsen's model, the permeability of a
compacted clay is largely controlled by fluid flow through macropores between clusters
of clay particles, rather than through the clusters themselves. Results from later studies
by Garcia-Bengochea et al. (1979), Garcia-Bengochea and Lovell (1981), and Juang and
Holtz (1986) provided support to Olsen's hypothesis. Using mercury intrusion
porosimetry, the researchers investigated relationships between water permeability and
pore size distribution in compacted clays and sand-clay mixtures. They showed that for
the compacted materials they tested, predictive models based on statistical approaches
can be developed to relate the water permeability and the distribution of macropores in
the soil. The practical implication of the results by Garcia-Bengochea et al. (1979),
Garcia-Bengochea and Lovell (1981), and Juang and Holtz (1986) is that the water
permeability in a compacted soil is largely controlled by the inter-ped or inter-cluster
porosity, but not by the total porosity in the soil.

The air permeability in an unsaturated soil is also influenced by soil structure and
degree of saturation (Matyas, 1967; Barden and Sides, 1970). An important factor that
affects the flow of air is the air entry value which is associated with the capillarity in the
soil structure. The air entry value in a soil may be defined as the lowest value of suction
in the soil that needs to be exceeded before air can be driven through the pores. In an

unsaturated compacted clay, because of affinity by the highly-charged particles for water
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and capillary actions, the micropores will become water-saturated before the macropores
(Brackley, 1975; Gray, 1980). Furthermore, in the micropores, the water can exist under
higher suctions than in the macropores. Hence water in the micropores is less easily
displaced by air than in the macropores. Air permeabilities in compacted clays are
therefore largely controlled by the larger macropores.

The air permeability in an unsaturated soil tends to decrease with increasing
saturation. At low saturations, most of the pores in the soil are interconnected, and
continuous channels exist for the flow of air. As saturation increases, some of the pores
become occluded (or discontinuous) and no longer form part of the passage for air
movement. As a result, the air permeability of the soil decreases. At very high
saturations, the flow of air is very slow and occurs mainly by means of diffusion in the

water-filled pores (Fredlund and Rahardjo, 1993; Kirkham, 1995).

2.3.4 Summary

Soil structure refers to "the physical constitution of a soil material as expressed by
the size, shape, and arrangement of the solid particles and associated voids". In
compacted clays, due to clay-water interactions, clay particles tend to aggregate to form
peds which in turn behave as semi-rigid individual units. The size and stiffness of these
peds is largely influenced by moulding water content. Therefore the soil structure in
compacted clays may be characterized as a system of aggregations of peds which may be
water-saturated or unsaturated, and macro-pores within and between aggregations.

Generally, the soil structure in a compacted clay may be divided into macro- and
micro-structures. The two levels refer to, respectively, the soil structures that can and
cannot be distinguished with the naked eye. The behaviour of the soil may be influenced
by both levels of soil structure. At higher water contents and lower confining pressures,

strength and stress-strain behaviour are attributed largely to interactions between macro-
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peds. At higher confining pressures, the effects of microstructure within the peds on the
mechanical properties of compacted clays become dominant. Air and water
permeabilities are governed primarily by the size and distribution of macro-pores within
the soil structure. Albeit not conclusively, suction and swelling properties are associated

with, respectively, capillary actions and clay-water interactions within the ped structure.
2.4  Theory of soil suction

2.4.1 Background

Generally, it is recognized that moisture flow and deformation in an unsaturated
soil are influenced by soil suctions. In recent years, several general frameworks have been
proposed in attempts to provide a rational basis for the understanding of moisture
movement, volume change and stress-strain behaviour in unsaturated soils (Alonso et al.,
1990; Fredlund and Rahardjo, 1993; Wheeler and Sivakumar, 1995). To adopt these
frameworks for the study of the behaviour of unsaturated soils, knowledge of suction and
its relations with other material parameters and state variables is important and is
required. A review of these frameworks is given in Section 2.5. Basic concepts for soil

suction and factors influencing this soil property are discussed in Section 2.4, here.

2.4.2 Total suction and components

The suction in an unsaturated clay soil is often referred as total suction and is
commonly divided into two major components: matric and osmotic suctions (Richards,
1974). Matric suction is attributed to capillary actions in the soil structure (see Figure
2.2), and is related to surface tension forces in air-water menisci between soil particles and

to pore size by:
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Sm = [2.5]

where S, is suction, o, is the surface tension of an air-water meniscus with radius r.

Osmotic suction is associated with the affinity of clay minerals for water. As shown in
Section 2.2.2, clay particles carry negative charges. Dipolar water molecules and cations
are adsorbed on to the particle surfaces to form diffuse double layers. The higher
concentration of cations in the diffuse double layers surrounding the particles relative to
that in the free water in the pores results in the development of osmotic potential
gradients between the adsorbed water and the free water. Osmotic suction is the pressure
applied to the free water between clay particles to attain an equilibrium with the adsorbed
water surrounding the particles. For compacted soils, osmotic suctions are generally
insensitive to changes in water content (Fredlund and Rahardjo, 1993). Therefore,
variations in the total suction with respect to water content is generally taken as
variations in the matric suction.

From a thermodynamic standpoint, the total suction in an unsaturated soil is
related to the vapour pressure in the air voids in the soil. Theoretically, the total suction
can be calculated using the Kelvin equation (Yong and Warkentin, 1975; Fredlund and

Rahardjo, 1993),

R.T
S= EVE ln[l] [2.6]

Vo

where S is the total suction, R is the molar gas constant, T is the Kelvin temperature, M

is the molecular mass of water, v is the partial vapour pressure, vq is the saturated vapour

v
pressure, and Ve is the relative humidity. The implication of Equation 2.6 is that changes
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in vapour pressure in the soil reflect changes in the total suction. Factors which influence
vapour pressures in soils are discussed in Section 2.4.3. Note too, that suctions and

vapour pressures vary with temperature.

2.4.3 Factors affecting vapour pressures in soils

The vapour pressure and, hence, the total suction in an unsaturated soil are
influenced by several factors including chemical composition of the soil water, capillarity,
temperature, and external air pressure.

Most soils contain soluble salts. The presence of dissolved salts in the soil water
increases its surface tension, thereby lowering the vapour pressure in the soil (Hillel,
1980).

Capillarity is a phenomenon associated with the matric component of total
suction (Fredlund and Rahardjo, 1993). In an unsaturated soil, the voids are often
represented conceptually as a bundle of capillary tubes. Water is held in these pores by
surface tension forces in air-water menisci formed between adjacent soil particles (see
Figure 2.2). The vapour pressure in the soil depends on the curvature of the water
surface and surface tension of the soil water. The vapour pressure tends to decrease with
decreasing radius of curvature of the water surface, or increasing surface tension of the soil
water. In turn, the latter factors depend on other geometric and environmental factors.

Water content, grain size, packing of soil particles, and wetability all influence the
curvatures of air-water menisci between soil particles (Spangler, 1960). The radius of
curvature tends to increase with increasing water content (see Figure 2.3). The vapour
pressure in a soil therefore increases with increasing water content. At a given water
content, smaller grain size or smaller particle spacing results in a smaller radius of
curvature, and hence lower vapour pressure (see Figures 2.4 and 2.5). Figure 2.6

compares two soils with different wetabilities. A soil is said to have low wetability, if
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the contact angle between the air-water menisci and the soil particles is greater than zero.
An increase in the angle of contact will tend to increase the radius of curvature of the
menisci, leading to higher vapour pressure in the soil.

The surface tensions of the air-water menisci are influenced by temperature and
external air pressure (Edlefsen and Anderson, 1943; Moore, 1972). The surface tension
of water is inversely related to temperature (Edlefsen and Anderson, 1943). Higher
temperatures will lead to lower surface tensions in the soil water. Furthermore, increasing
temperature will result in an increase in the kinetic energy of the soil water. This will
allow more energetic water molecules to overcome the attraction forces from the liquid
phase of the soil water and to break away into the open pores within the soil structure,
thereby increasing the concentration of water vapour in the soil. Therefore an increase in
temperature of the soil will lead to an increase in the vapour pressure (Hillel, 1980).

External air pressure over an air-water meniscus increases the vapour pressures
and therefore suctions in three ways. One, the general curvature of the air-water meniscus
reduces with increasing pressure, that is, the surface becomes flatter. As the vapour
pressure is directly related to the radius of curvature of the air-water meniscus, the
flattening of the meniscus (that is, increasing radius of curvature) increases the vapour
pressure. Two, an increase in gas pressure over a water surface has an effect of bringing
more gaseous molecules into contact with the surface (Osipow, 1962). The attraction of
these molecules tends to counteract the tension forces on the water molecules at the air-
water interface. Therefore, increasing pressure should generally result in a reduction in
the surface tension of water, leading to an increase in vapour pressure above the water
surface. Three, Tabor (1969) explained that "external air pressure squeezes extra water
molecules out of the liquid", thereby increasing the concentration of water molecules

above the water surface, and hence increasing the vapour pressure.
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2.4.4 Suction-water content relationships

Soil suction varies with water content (Fredlund and Rahardjo, 1993). Suction
values are inversely related to the water content of soils, but the specific relationship
varies from one soil to another. The variation between soils are due to a number of
factors which notably include the chemical composition of the pore water, surface effects
attributed to clay mineral-water interactions, and textural and structural characteristics
which affect the pore size distribution in the soil. Generally, for a given range of water
content, the water in a clay soil can exist at higher suctions and over a larger suction range
than that in a sandy soil (see Figure 2.7).

Because of the insensitivity of osmotic suction to water content variations,
changes in the total suction in an unsaturated soil are largely attributed to changes in the
matric suction (Fredlund and Rahardjo, 1993), which in turn, is controlled by the capillary
pores in the soil. Therefore, using the capillary equation, it is theoretically possible to
relate the pore size distribution in a soil with its suction (Corey, 1986). Fredlund and
Xing (1994) hypothesized that the suction-water content relationship of any soil can be
predicted using the entire range of its pore size distribution. It was shown in Section 2.3
that in compacted clays, capillary pores typically exist as two distinctive ranges of pores
commonly referred to as macro- and micro-pores (Garcia-Bengochea et al., 1979; Juang
and Holtz, 1986). However, experimental observations show that suctions in these
compacted materials are controlled largely by the range of the smallest measurable pores
in the pore size distribution, that is, the micropores (Croney et al.,, 1958; Olson and
Langfelder, 1965; Krahn, 1970; Gray, 1980). These observations therefore raise
questions on the adequacy of the hypothesis of Fredlund and Xing (1994) to explain the
suction behaviour of compacted clay soils. It will be seen later in this thesis that the
work carried out in this study clarifies the uncertainty regarding the relation of pore size

distribution and soil suction.
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2.4.5 Temperature effects on soil suctions

Suctions in soils are influenced by temperature. Observations show that soil
suction generally decreases with increasing temperature. The effect of temperature on soil
suction is commonly attributed to the dependence of the surface tension of water on

temperature (Edlefsen and Anderson , 1943).

2.4.6 Hysteresis

Generally, the suction-water content relationship of a soil may be obtained in two
ways: desorption and sorption. In the desorption method, a soil sample is allowed to dry
gradually in successive increments of applied suction. The sorption method involves
gradually wetting up the soil sample while reducing the suction. Each of these methods
produces a continuous curve, but the two curves will not be identical. This hysteresis is
observed in both cohesionless granular soils and cohesive soils (Baver et al., 1972; Yong
and Warkentin, 1975).

For sands and other cohesionless granular materials, hysteresis is attributed to the
"ink-bottle" effect (Yong and Warkentin, 1975; Hillel, 1980). In general, the pores in a
granular material are highly variable in size and shape. During desorption, the removal of
water from the soil is controlled largely by the smaller pores. The voids in the soil will
remain water-saturated until the suctions are high enough to cause the smallest pores to
empty. In contrast, during sorption, water uptake by the soil is controlied by the larger
pores. The voids in the soil will not fill until the suctions are low enough to fill the largest
pores. Therefore, at a given water content, the suction in the soil is higher for desorption
than for sorption.

In clays, hysteresis is attributable partly to the "ink-bottle" effect, and partly to
changes in the soil fabric and pore size distribution brought about by swelling and

shrinking of the soil during the drying and wetting processes (Yong and Warkentin, 1975).
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2.4.7 Measurements of soil suctions

This study concerns the use of thermocouple psychrometers to measure suctions
in compacted clays. A detailed review of the principle of the method is given in
Chapter 3. To provide general background information on current technologies on suction
measurements, a brief review of contemporary methods is presented in this section.

Table 2.2 summarizes the methods that are commonly used to determine soil
suctions. Largely, the suction range in which they remain functional, and the components
of suction that they measure are influenced by the operation principle of each method.
The methods listed in Table 2.2 may be broadly grouped in three classes in accordance to
the suction components (that is, total, matric, and osmotic suctions) that they determine.
Alternatively, these methods may be categorized as those that measure and those that
control soil suctions.

Methods that determine total suction in soils include thermocouple psychrometer,
filter paper method, and vapour pressure method (Richards, 1967; Campbell and Gee,
1986; Fredlund and Rahardjo, 1993). These methods are based on the premise that the
vapour pressure in a soil can be measured or controlled, and that the total suction is
thermodynamically related to the vapour pressure via the Kelvin equation (Equation 2.6).
Because of the sensitivity of vapour pressure to temperature changes, the accuracy and
precision of these methods depend largely on temperature (Campbell and Gee, 1986).

Experimental studies show that the outputs of the psychrometers are strongly
influenced by temperature changes and temperature gradients (Wiebe et al., 1977; Brown
and Bartos, 1982). Errors in suction measurements due to temperature changes may be
corrected using appropriate empirical calibration relationships (Wiebe et al., 1970; Brown,
1970). In situ suction measurements using psychrometers are strongly influenced by
temperature gradients which lead to spatial and temporal variations in the vapour

pressure in the soil (Wiebe et al,, 1977, Brown and Bartos, 1982). The effects of
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temperature gradients and vapour pressure gradients on the accuracy and precision of
psychrometers are difficult to quantify and are presently not well understood. These two
factors provide a focus for further research and were investigated in this study.

The filter paper and the pore fluid squeezer methods may be used to measure the
osmotic suction in a soil (Fredlund and Rahardjo, 1993). In the latter method, pore fluid
is first extracted from the soil using a pore fluid squeezer. The electrical conductivity of
the pore fluid is then estimated and converted to soil suction using an osmotic suction-
electrical conductivity relationship.

The matric suction in a soil may be determined using tensiometers, hydraulic
piezometers, thermal conductivity sensors, or axis translation techniques (Hilf, 1956;
Stannard, 1991; Fredlund and Rahardjo, 1993). Tensiometers measure the negative pore
water pressures or water tensions in soils. Because of problems associated with
cavitation of water, the use of the instruments are generally limited to negative pore water
pressures not less than -90 kPa. Thermal conductivity sensors provide indirect
measurements of the matric suctions in soils. The outputs of the instruments depend on
the thermal conductivities of the soil which can be calibrated to the suction and water
content in the soil. In the axis translation technique, matric suction in the soil is
controlled during testing by independently regulating the pore air and pore water
pressures in the soil. Because of problems associated with cavitation, discontinuity in the
air phase in the soil, and limitations of testing equipment, these methods are generally
operable in smaller and lower suction ranges, compared with the methods used to measure
total and osmotic suctions individually (see Table 2.2).

It was reviewed in Section 2.4.2 that, due to capillarity and the presence of clay
minerals, suctions in unsaturated compacted clays are largely total suction, that is, the
sum of matric and osmotic suctions. Because of their ability to measure total suction and

to function over a wider suction range, the psychrometer, filter paper, and vapour
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equilibrium methods were used to measure suctions in the soils tested in this study.

Procedures used in the testing program are described in Chapter 4.

2.48 Summary

The suction in a soil is generally referred to as total suction, and is assumed to
consist of two main components: matric and osmotic suctions. Matric suction is related
to capillary phenomena in the soil structure and osmotic suction is associated with
physico-chemical interactions in the clay-water system.

From a thermodynamic viewpoint, the total suction in a soil is related to the
vapour pressure of the soil water. The vapour pressure is in turn influenced by other
material and environmental parameters including water content, chemical composition of
soil water, soil fabric, pore size, temperature, and external air pressure. Therefore any
variations in these parameters will lead to spatial and temporal changes in the vapour
pressure in the soil. In turn, the latter changes could influence the accuracy and precision
of suction and water content measurements using thermocouple psychrometers, and other
similar methods in which the vapour pressure in the soil is measured or controlled during
testing.

Conflicts exist between theories and experimental observations with respect to the
relation between suction and soil structure in unsaturated compacted clays. For
contemporary theories, it is generally assumed that the suction in a soil is controlled by
the whole range of open pores (both macropores and micropores) within the soil
structure. In contrast, experimental evidence suggests that for most practical applications
and conditions, the suctions in clays with complex soil fabrics and multi-modal pore
distributions can be considered to be controlled by a portion of the pore size within the

microstructure of the soil. The uncertainty regarding the relationship between soil suction
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and pore size distribution formed a subject of focus of this work, which will be presented

in Chapter 5.

2.5 Theories of unsaturated soil mechanics

2.5.1 Background

In the last 30 years, much research has been conducted under the topic of
unsaturated soil mechanics. Several conceptual models and frameworks have been
proposed to describe the various aspects of the behaviour of unsaturated soils, for
example, Alonso et al. (1990), Thomas (1992), Fredlund and Rahardjo (1993), Wheeler
and Sivakumar (1995). To a large extent, theories of unsaturated soil mechanics derive
largely from existing frameworks for saturated soils. In this section, some of the
contemporary theories relating to constitutive modelling and moisture flow phenomena in
unsaturated soils are reviewed. This review provides the background for the analysis of

the data from the triaxial testing program to be presented in Chapter 6.

2.5.2 Constitutive modelling of the behaviour of unsaturated soils

2.5.2.1 Background

Theories of saturated soil mechanics are built upon the concept of effective stress
attributed to Terzaghi (1936). The effective stress in a soil cannot be measured directly,
but is generally taken as the numerical difference between the external applied total stress
and the internal pore water pressure. Terzaghi stated that "all measurable effects of a
change in stress such as compression, distortion, and change in shearing resistance are

exclusively due to changes in effective stress".
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An unsaturated soil is generally considered as a three phase system consisting of
solid particles, water and air (Alonso et al., 1990). The presence of the air phase means
that the behaviour of the soil cannot simply be described in terms of total stress and pore
water pressure. Pore air pressure must be considered. In the early studies on unsaturated
soils, attempts were made to relate the strength of and volume change in unsaturated soils
with a single effective stress variable which incorporates combinations of total stress,
pore water and pore air pressures (Aitchison and Donald 1956; Croney et al.,, 1958;
Bishop, 1959). The most notable effective stress equation was Bishop's (1959) equation,

and is given as follows,
o'=0-ug+ X(Ua - Uw) [27]

where o' is effective stress, ¢ is total stress, u, is pore air pressure, uy is pore water
pressure,  is Bishop’s Chi factor which depends on the saturation in the soil.

Later, Jennings and Burland (1962) and others showed that the behaviour of an
unsaturated soil cannot simply be expressed in terms of a single effective stress variable.

Instead, total stress, pore air pressure and pore water pressure must be combined to form

two independent stress state variables, typically chosen as the net total stress (o-ua) and
the matric suction (ua-uw) (Matayas and Radhakrishna, 1968; Fredlund and Morgenstern,
1977; Alonso et al., 1990). This combination of stress state variables is advantageous
because in most practical problems, the pore air pressure is atmospheric, and (o-ug)
reduces to the total stress while (ug-uw) reduces to the measured negative pore water
pressure (Fredlund and Morgenstern, 1977). Therefore the effects of total stress changes
and pore water pressure changes can be separated.

There are two schools of thought in our current understanding of the constitutive

behaviour of unsaturated soils. One approach is advocated by Fredlund and his co-
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workers at the University of Saskatchewan in Saskatoon (see Fredlund and Rahardjo,
1993). Fredlund's approach is an extension of classical soil mechanics theories on
saturated soils. In his approach, deformation and stability of soils are considered
separately. The other approach is based on elastic-plastic critical state soil mechanics
theories. The general consensus (Delage and Graham, 1995) is that this latter approach
provides a more coherent framework which allows both deformation and collapse to be
dealt with together (Alonso et al., 1990; Wheeler and Sivakumar, 1995). This is not
possible using the classical soil mechanics approach. Furthermore, critical state models
can be coupled conceptually with flow models formulated using suctions and pressures as

governing variables (Alonso et al., 1987; Thomas, 1992).

25.2.2 Classical soil mechanics approach

In classical soil mechanics, two types of analysis are carried out. Limit analysis
which is concerned only with the equilibrium of soil masses, requires the knowledge of
the stress conditions and strength of the soil. In this type of analysis, displacements in
the soil are not considered. On the other hand, deformation analysis deals only with
displacements and volume changes in the soil, and the strength of the soil is not required.

In the classical approach to unsaturated soils, the volume change behaviour and
strength of an unsaturated soil are described by extended forms of classical soil mechanics
equations for saturated soil (Fredlund and Rahardjo, 1993). The volume change in an
unsaturated soil is attributed to changes in both the soil structure and the water phase.

The change in void ratio in the soil is expressed by,

de = a;.d(0 - ug) + ap.d(us - uy) [2.8]
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and, conversely, the change in water content in the soil is given by,
dw = bd(0 - Ug) + by.d(U - Uy) [2.9]

where e is void ratio, w is water content, (O - ua) is net total stress, (u - uy) is matric
suction, and at, am, by, by are material parameters determined experimentally.
The shear strength of an unsaturated soil is described by an extended form of the

Mohr-Coulomb failure criterion (Fredlund et al., 1978),
T=c'+ (0 - uy).tand' + (uz - Uy).tangd [2.10]

where 71 is the shear strength, (0 - uy) is the net total stress, (u; - uy) is the matric suction,
¢' is the frictional angle with respect to changes in the net total stress, and ¢ is the
frictional angle with respect to changes in the matric suction. Conceptually an
unsaturated soil has the same internal friction angle as a saturated soil, and the
contribution of matric suction can be viewed as an increase in the cohesion in the soil

(Fredlund, 1979).

2.5.23 Critical state soil mechanics approach
Critical state soil mechanics was founded on theories of elasticity and plasticity

(Roscoe et al., 1958; Wood, 1990). The critical state approach has the advantages of:

1) coupling volume changes and changes in shear stress in soils,

2) modelling strain-hardening and strain-softening behaviour of soils,

3) linking undrained and drained conditions,

4) accounting for nonlinear behaviour in soils by the specification of an appropriate
yield function.
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The theory of critical state soil mechanics is based on the concept that under the influence
of a certain stress system, a soil will continue to deform, and will eventually approach a
critical state, where no further changes in volume or effective stress will occur.

For saturated soils, the state of a soil is fixed by three variables in a 3-dimensional

space. The three variables are:

Mean effective stress p'= (0'1+20'3)/3
Deviator stress q =0'1-0"3
Specific volume v=1+e

Implicit in the general model shown in Figure 2.8 are two important lines: the normal
consolidation line and the critical state line. These two lines are typically determined in
compression and shear tests using the triaxial apparatus. In these tests, total stresses are
applied to the specimens by controlling the axial loads and the confining cell pressures,
while the pore water pressures within the specimens are measured. The normal
consolidation line is reached by isotropically consolidated specimens after complete water
content equilibrium has been reached at any given pressure. The normal consolidation line

is described by the relationship,

v=T-Alnp' [2.11]

where I and A are material constants. The critical state line represents the state of
specimens reached after large straining in shear compression. At this state there are no
further changes in volume, shear stress, and pore water pressure. The critical state line is

described by the relationship,
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q = Mp' [2.12]

where M is a material constant.

Experimental evidence shows that for a given soil, the normal consolidation and
the critical state lines are uniquely fixed in p":q:v space (Wood, 1990). The surface that
encompasses the normal consolidation line and the critical state line is the state boundary
surface. This surface forms the demarcation between the states where the behaviour is
elastic and other states where plastic or failing deformations occur. Tested triaxially, all
paths for normally consolidated specimens must lie on the state boundary surface. For
overconsolidated specimens, their states initially lie below the state boundary surface and
specimens behave elastically. When eventually the specimens are brought to reach the
state boundary surface, overconsolidated specimens will follow the state boundary
surface and exhibit plastic behaviour as stresses change.

Based on critical state soil mechanics theories for saturated soil, Alonso et al.
(1990) proposed a critical state framework for unsaturated soils. Consistent with the
assumptions used in models for saturated soils, Alonso et al. (1990) assume that elastic
behaviour is observed when the stresses on an unsaturated soil are such that the soil lies
within the state boundary surface. Conversely, unsaturated soils will experience plastic
deformation if the state of the soil follows the state boundary surface.

In contrast to the requirements for saturated soils described carlier, four state
variables are required to represent the state of an unsaturated soil (Alonso et al, 1990;

Wheeler and Sivakumar, 1995). These variables are:

Mean total stress p= (01+7203)/3-uy
Deviator stress q =01 -03
Specific volume v=1+e
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Matric suction S = Ug - Uy

Results from triaxial tests on unsaturated kaolin specimens show that the critical state of
unsaturated soils depends on the suction in the soil, and unlike saturated soils, cannot be
represented by a single critical state line (Wheeler and Sivakumar, 1995). The theoretical

expression of the critical state of an unsaturated soil takes the form,

q = M(s).p + i(s) [2.13]

where M and p are functions of the matric suction in the soil. The relationship between

mean total stress and specific volume also depends on suction, and takes the form,

v = N(s) - M(s)In(p/pat) [2.14]

whetre N and A are functions of the matric suction in the soil, pa¢ is mean total stress with
respect to atmospheric pressure.

When the suction in the soil approaches to zero (that is, the saturated condition),
Equations 2.13 and 2.14 reduce to a form consistent with Equations 2.12 and 2.11
respectively. As will be seen later in this thesis, the elastic-plastic theories reviewed in
this section provide a basis for the discussion of the data from the triaxial tests carried out

in this study.
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2.5.3 Flow of moisture in unsaturated soils

2.5.3.1 Background

In unsaturated soils, moisture flow takes place in both liquid and vapour phases
(Brady, 1974, Hillel, 1980). The movement of moisture in the liquid phase of an
unsaturated soil is attributed to driving forces resulting from total head gradients within
the soil mass. Total head gradients arise from differences in suction, pressure, water
content, and chemical composition of the soil water within the unsaturated soil. Flow
takes place in the direction of decreasing total head. The flux which is the flow through
unit area per unit time, is proportional to the total head gradient and is affected by the
geometric properties of the pore channels through which the flow takes place.

In contrast to liquid flow which depends on the potential difference in the liquid
phase, the flow of water vapour in an unsaturated soil is associated with the difference in
the kinetic energy of free water molecules in the unsaturated pores (Hausenbuiller, 1972).
The kinetic energy of water molecules is expressed in terms of vapour pressure. Water
vapour flow occurs when vapour pressure gradients exist. In turn, vapour pressure
gradients arise as a result of temperature gradients and chemical gradients associated with
the differences in the distribution of solutes in the pore fluid. When liquid continuity in a
soil is disrupted, the only form of moisture transport is by means of vapour transfer

(Slatyer, 1967).

2.5.3.2 Isothermal liquid flow
It was reviewed in Section 2.3.3.4 that water flow in saturated soils is commonly
described by Darcy's law (Yong and Warkentin, 1975). Richards (1931) showed that

Darcy's law for saturated flow also applies to moisture flow in unsaturated soils though
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now the hydraulic conductivity varies with saturation. The mean one-dimensional flow

velocity in an unsaturated soil is expressed mathematically as follows,

[2.15]

dWrm
v = —K(ym)
X

d
where v is velocity, K(y,,) is hydraulic conductivity of the unsaturated soil, v, is matric
potential in the soil, and x is the length of the flow path in the x-direction. For
unsaturated soils, the hydraulic conductivity varies with water content and suction, and is

affected by processes such as hysteresis and temperature (Hillel, 1980; Corey 1986;
Neilsen et al. 1986).

2533 Vapour flow

The flow of water vapour in an unsaturated soil arises from vapour pressure
gradients within the soil, and is generally treated as a diffusion process (Philip and de
Vries, 1957, Hillel, 1980). The vapour flux in an unsaturated soil may be expressed by
the following differential equation (Slatyer, 1967):

q= —a.f.Dw% [2.16]

dx

where q is vapour flux, a is tortuosity factor, f is fractional cross sectional area available
for diffusion, D is diffusion coefficient of water vapour in air, Vp is vapour pressure,
and x is distance.

Philip and de Vries (1957) described a possible mechanism through which water
vapour moves within unsaturated soils. They explained that in an unsaturated soil, liquid
continuity may not exist, and therefore, liquid water remaining in the system tends to

locate almost wholly in small pores or wedges which form necks or islands between the
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solid particles. Water vapour moves by condensing on one meniscus of each neck
followed by evaporating from the other meniscus of the same neck in such a way that the

process proceeds without interruption through regions of vapour and liquid.

2.5.3.4 Coupled heat and moisture flow under the influence of thermal

gradients

Moisture flow in unsaturated soils under the influence of thermal gradients is a
complex phenomenon. The movement of moisture takes place simultaneously in both
liquid and vapour phases (Brady, 1974). In the liquid phase, the flow of moisture occurs
largely as a result of total head difference within the soil. In the vapour phase, moisture
flows from regions of high vapour pressures to those of lower vapour pressures. In many
cases, the liquid and vapour flows occur in the same direction, normally in the direction of
decreasing temperature gradient. However, under certain circumstances, competing water
content, suction and vapour pressure gradients may co-exist. In these cases, the net flow
of moisture depends on the spatial and temporal distributions of temperature, water
content and suction within the unsaturated soil. This will be observed later in the
Buffer/Container Experiment described in Chapter 8.

A common method of analysing moisture movement under the influence of heat
and hydraulic gradients is the mathematical formulation attributed to Philip and de Vries
(1957). The Philip and de Vries (1957) model is based on the concept of viscous flow of
liquid water under the influence of gravity, capillary and adsorptive forces, and on the
concept of vapour movement by diffusion. The model assumes that local thermodynamic
equilibrium between liquid and vapour exists at each point within the soil though spatial

and time gradients are still present. For one-dimensional flow, the general differential
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equations describing the moisture flow and heat transfer under combined temperature and

hydraulic gradients are as follows,

Moisture flow:

9Q_ V(D,VT)+ V(D, V8)+ S [2.17]
ot fia ox
Heat flow:
oT
e.5; = VAVT)~LV(D,, V) [2.18]

where VT is thermal gradient, VO is volumetric water content gradient, DT is thermal
moisture diffusivity, D@liq is isothermal liquid diffusivity, D@vap is isothermal vapour
diffusivity, Q is volumetric water content, T is temperature, L is latent heat of water, K is
hydraulic conductivity, ¢ is volumetric heat capacity, A is thermal conductivity, t is time,
and x is the length of flow path in the x-direction. The material parameters related to
permeability and diffusivity are generally found to be dependent on water content and
temperature, and are hysteretic (Radhakrishna et al., 1992).

In the original Philip and de Vries (1957) formulation, volumetric water content
(that is, water content determined by volume) is used as a governing variable. In recent
years, attempts have been made by others to recast the original formulation using suction
and pressure as variables to what is colloquially referred as the "potential" formulation
(Milly, 1982; Thomas, 1992). The advantages of the "potential" formulation over the
original formulation are discussed by Thomas (1992). Briefly, the use of suction and
pressure as variables facilitates coupling of flow models with elastic-plastic stress-strain

models such as the critical state model described in Section 2.5.2.3. Furthermore, flow
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models based on the "potential" formulation permit the considerations of inhomogeneity
in the unsaturated media with respect to material properties and saturation.

Using matric suction and temperature as governing variables, Thomas (1992)
developed a mathematical model based on the original Philip and de Vries (1957)
formulation to describe the coupled heat and moisture flow in unsaturated soils. His
model is shown to be generally applicable to granular materials and non-swelling clays. In
his model, the liquid flow and vapour flow are considered separately before combining the
two into a conservation of mass equation. Non-isothermal liquid flow is governed by the
extension of Darcy's law. The treatment of vapour flow follows the approach proposed
by Philip and de Vries (1957). Heat transfer is assumed to take place by means of
conduction, latent heat of vaporization and sensible heat transfer. For one-dimensional
flow, the governing differential equations for moisture flow and heat transfer are as

follows:

Moisture flow:

oy oT o oy o JT) oK
N oL = L kw2 [+ L K = |+ 22
Cre ot Hhnd ot oxl ' ox +8x v ox * ox [2.19]
Heat flow:
oy JT o oy 0 oT oT oT
oy ond = 2 Ky |+ 2 ke s |- Cuu s — v -
™ot T x axl " ox * xl o ox ma x Y ox [2:20]

where Y is matric suction, T is temperature, K is hydraulic conductivity of the

unsaturated material, Cp] is specific heat capacity of soil water, Cpy is specific heat

capacity of soil vapour, u is velocity of liquid flow, v is velocity of vapour flow, Cyy,
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CyT, Cry, and Crr are coefficients related to the flow of moisture, and, Kyny, Ky , and
Kty are coefficients related to heat flow. The material parameters used in this model are
generally functions of suction and water content, and are influenced by hysteresis and

temperature.

2.6  Synthesis of literature review

It was stated in Chapter 1 that the purpose of this study was to clarify the
conditions under which psychrometers can be operated to provide meaning data on in situ
suctions and water contents in compacted clays. Based on the review given in this

chapter, the following conclusions may be drawn.

Certainties

1) The use of contemporary theories of unsaturated soil mechanics to describe
moisture flow, strength, and deformation of unsaturated soils requires the
knowledge of soil suction and its relationships with other state variables including
stress, void ratio, water content, vapour pressure, and temperature.

2) Because of the affinity of clay minerals for water, compacted clays tend to
develop complex soil structures. The soil structure in compacted clays may be
characterized as a system of aggregations of peds containing micropores which
may be water-saturated or unsaturated, and macro-pores within and between
aggregations.  Stress-strain and strength properties of compacted clays are
generally governed by the interactions between peds. Conduction phenomena are
primarily controlled by the macropores between peds. In contrast, suction and
swelling properties are largely influenced by capillary and clay-water interaction

phenomena within the peds.
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3)

4)

The use of thermocouple psychrometers to measure suctions is based on the
premise that the vapour pressure in the soil can be measured or controlled.

The vapour pressure in a soil is influenced by several material and environmental
factors which include water content, chemical composition of pore water, soil

fabric, capillarity, and temperature.

Uncertainties

1)

2)

3)

There is little experience on the use of thermocouple psychrometers as a tool to
measure suctions in highly compacted clays under laboratory and in situ
conditions. Particularly, there is little information on the accuracy and precision
of the instruments for in situ suction measurements at different temperatures and
under the influence of temperature gradients.  Conditions under which
psychrometers can be operated to provide meaningful information for the study of
moisture movement in and stress-strain behaviour of unsaturated compacted
clays, need to be clarified.

Conflicts exist between theories and experimental observations with respect to the
relation between suction and soil structure in unsaturated compacted clays.
Contemporary theories generally assume that the suction in a soil is controlled by
the whole range of open pores (both macropores and micropores) within the soil
structure. In contrast, experimental evidence suggest that the suctions in clays
with complex soil fabrics and multi-modal pore distributions are largely controlled
by a portion of the pore size within the microstructure of the soil.

The effects of stress variations and deformations on soil macro- and micro-

structure in compacted clays are not clear.
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4) Little work has been done to examine the combined effects of stress variation,
deformation, and water content on suctions in compacted clays. The effects of

these factors on suction measurements using psychrometers are not known.

2.7  Hypothesis
Based on the conclusions from the literature review, the following hypotheses

were examined in this thesis.

Hypothesis 1: The suction in a compacted clay is largely controlled by the soil
microstructure.
Hypothesis 2: Under normal temperature and atmospheric pressure boundary

conditions, thermocouple psychrometers can be used to measure suction in swelling

compacted clays.

Hypothesis 3: Under constant mass conditions, stress variations and
deformations will bring about changes in the soil macro- and micro-structures in a
compacted clay. These latter changes in turn will affect the vapour pressure in the soil.
Under these conditions, the suction measured by a psychrometer will be different from that
suction measured at the same water content by the same instrument under normal

atmospheric pressure condition.
Hypothesis 4: Spatial and temporal variations in temperature lead to transient

non-uniform vapour pressure distributions in a soil. Under these conditions, at a given

water content, the suction measured by a calibrated thermocouple psychrometer will be
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different from the suction defined by the suction-water content relationship obtained under

constant laboratory conditions.

Confirmation of the hypotheses stated in this section would clarify the conditions under
which psychrometers can be used to provide meaningful data in the study of the
behaviour of unsaturated soils. In light of the conclusions from the literature review in
Section 2.6 and the hypotheses stated in this section (2.7), a series of objectives were
developed and are given in Section 2.8. These objectives were achieved by carrying out
series of laboratory and in sifu tests to examine the use of psychrometers to measure

suctions and water contents in compacted clays.

2.8  Objectives of study
This study examines the effects of temperature, stress variation, and distortions

on suction and water content measurements in compacted clays using thermocouple

psychrometers. In particular, the usefulness of psychrometers as moisture sensors in
unsaturated dense sand-bentonite material used for the disposal of radioactive waste was

investigated. The hypotheses stated in Section 2.7 were examined in this study through a

series of objectives given as follows.

1) to clarify the conditions under which psychrometers can be operated to provide
meaningful suction and water content data in the study of moisture movement and
stress-strain behaviour of unsaturated compacted clays.

2) to clarify the role of soil structure in controlling the vapour pressure, and hence
the suction in a soil.

3) To explore the use of contemporary unsaturated soil mechanics frameworks
similar to those proposed by Alonso et al. (1990), Gens and Alonso (1992), and

Delage and Graham (1995) to describe the inter-relationship of stress, volume
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4)

3)

change, and suction of an unsaturated compacted sand-bentonite material
proposed for use in the disposal of radioactive waste.

To develop a framework to incorporate the effects of stress variations and
distortions on suction measurements in compacted clays using thermocouple
psychrometers and other psychrometric methods.

To establish the bounds of accuracy and precision for thermocouple
psychrometers in tracking in situ suction and moisture transients under the
influence of temperature gradients and stress variations in clay barrier material

proposed for use in the disposal of radioactive wastes.
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CHAPTER3 THERMOCOUPLE PSYCHROMETERS

3.1 Background

It was stated in Chapter 1 that the main objective of this study was to clarify the
conditions under which thermocouple psychrometers can be operated to provide
meaningful suction and water content data in the study of unsaturated compacted clays.
Several methods used to measure soil suctions were reviewed in Chapter 2. In this
chapter, the psychrometer method is described in greater detail.

To provide confidence in the measurements by psychrometers in the tests which
form part of this study, the accuracy and precision of the instruments must be known. In
this chapter, the theory of thermocouple psychrometers is reviewed. The type of
psychrometer and equipment that have been used in this study are described. Results
from a series of laboratory and calibration tests designed and carried out to examine the

performance of the psychrometers are discussed.

3.2 Terminology and definitions
This section provides the background on two thermoelectric processes that
underlie the operation of thermocouple psychrometers and on the terms commonly used

in thermocouple psychrometry.

Peltier effect: When two dissimilar metals are placed in contact, there
exists a Peltier electromotive force (emf), which depends on the types of metals
and the temperature of the junction. When a current is passed across the junction,
heat will be either absorbed or liberated. If the current is passed in an opposite
direction to the Peltier emf, heat is liberated. If the current is forced across the

junction in the same direction as the Peltier emf, heat is absorbed at the junction.
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The latter process is utilized in the cooling of the sensing junction in a
psychrometer.

Seebeck effect: This process forms the basis of thermocouples. When two
dissimilar metals are joined together to form a closed circuit, two junctions are
formed. If these two junctions are maintained at different temperatures, an emf is
established in the circuit. The magnitude of the emf produced is directly
proportional to the temperature difference between the two junctions.

Vapour pressure: According to the kinetic theory of liquids and gases, due to
kinetic energy, the molecules in a liquid are always in motion. Occasionally,
energetic molecules at the surface have enough kinetic energy to break away from
the liquid surface. Such molecules overcome attractive forces between themselves
and other molecules in the liquid, and they behave like a gas. If the liquid is
contained in a sealed container, these water molecules will collide with the wall of
the container and the pressure exerted on the wall is known as the vapour
pressure. The vapour pressure of a liquid depends on several factors including the
chemical composition of the liquid and temperature.

Saturation vapour pressure: This is the maximum possible vapour pressure of a liquid at
a given temperature. The relationship between saturation vapour pressure and
temperature is shown in Figure 3.1.

Partial vapour pressure: The vapour pressure of a liquid that is lower than the
saturation vapour pressure at the same temperature is known as the partial vapour
pressure (see Figure 3.1). The magnitude of the partial vapour pressure depends
on the chemical composition of the liquid.

Relative humidity: Relative humidity is the ratio of the mass of water vapour
per unit volume of air to the mass of water vapour per unit volume of air when the

air is saturated with water vapour at the same temperature. Numerically, this is
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the same as the ratio of the partial water vapour pressure to the saturation water
vapour pressure at the same temperature.

Dew point: The dew point is the temperature to which unsaturated air
must be cooled at constant pressure for condensation to occur (see Figure 3.1)

Dry bulb temperature: This 'is the temperature measured by a dry thermometer
placed in a vapour (Figure 3.1).

Wet bulb temperature: If a thermometer with a wetted liner around its bulb is
placed in a mass of unsaturated air and allowed to equilibrate with the surrounding
air, the thermometer will record a temperature lower than the dry bulb
temperature. This is due to liquid evaporating from the liner into the vapour
phase and drawing heat from the thermometer through latent heat of evaporation.
The temperature recorded on the thermometer is known as the wet bulb
temperature (Figure 3.1).

Wet bulb depression: It is the difference between the dry and wet bulb
temperatures. The relationship between wet bulb depression, saturation vapour

pressure and dew point is depicted in Figure 3.1.

3.3  Description of psychrometer and equipment

3.3.1 Wescor PCT-55 psychrometer

The psychrometers used in this study were Type PCT-55 manufactured by
Wescor Inc. in Utah, USA (Figure 3.2). The main part of the instrument is about 25 mm
long and about 7 mm in diameter. The instrument consists of two thermocouple junctions
protected by a ceramic cup and a Teflon plug (Figure 3.3). Inside the ceramic cup, a
chromel wire and a constantan wire are welded together to form the sensing junction,

which is used in the measurement of the equilibrium relative humidity. The wires join the
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gold pins in the Teflon plug to form the reference junctions for this measurement. Behind
the Teflon plug, a third thermocouple junction is formed by joining a copper wire and a
constantan wire together. This junction provides the measurement of the ambient (dry

bulb) temperature of the soil.

Theory of Operation - Psychrometric Mode

A thermocouple psychrometer can be operated in either the psychrometric (wet
bulb) mode or the hygrometric (dew point) mode (Briscoe, 1984). The mode of operation
depends on the type of microvoltmeter and data acquisition system used for the
measurement. In this study, because of the type of microvoltmeters that were available
and used to control the instruments, the psychrometers were operated in the
psychrometric mode .

Figure 3.4 shows a typical output of a psychrometer operated in the
psychrometric mode. In this mode of operation, using the Peltier effect, a cooling current
with sufficient magnitude is passed through the thermocouple circuit for a specified
period of time of sufficient length to cause the sensing junction to cool below the dew
point of the surrounding air within the ceramic cup. Thus, water vapour is condensed
from the air onto the sensing junction. The output of the thermocouple during Peltier
cooling is depicted by the part of the curve between a and b.

At the end of the cooling period (depicted by point b on the curve), the cooling
current is stopped. At this point, the sensing junction has a lower temperature than
either the reference junction or the surrounding atmosphere. Because of the temperature
difference between the sensing and reference junctions, an emf is set up in the
thermocouple due to the Seebeck effect. The magnitude of this emf is directly
proportional to the temperature gradient between the sensing and reference junctions.

The temperature at the sensing junction increases rapidly due to convective heat transfer
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between the junction and the surrounding air. Accordingly, the emf between the sensing
and reference junctions decreases rapidly (points b and c in Figure 3.4). Eventually the
temperature of the sensing junction reaches the wet bulb temperature of the surrounding
air at c. In this study, the measured emyf at this temperature is taken as the output of the
psychrometer.

The wet bulb temperature is uniquely defined by the partial vapour pressure and
the ambient temperature in the soil. Theoretically at this temperature, the cooling caused
by the evaporation of water on the junction balances the heat absorbed from the
atmosphere. This stage is depicted by the plateau section c¢-d of the output profile
shown in Figure 3.4. Theoretically, the line c-d should be horizontal. The slope of the
plateau is influenced by such factors as the size and shape of the sensing junction, non-
uniform coverage of water on the sensing junction during cooling, non-uniform
evaporation of the condensed moisture on the junction, and temperature gradients (Savage
and Cass, 1984).

Eventually, all of the water on the sensing junction is evaporated, and the
temperature of the junction quickly rises to the ambient temperature. Concurrently, the

emf between the sensing and reference junctions decreases to zero at point ¢ on Figure 3.4.

3.3.2 PR-55 and HR-33T microvoltmeters

In this study, two commercial microvoltmeters, namely the PR-55 and the
HR-33T, both manufactured by Wescor were used to excite the psychrometers and read
their outputs. To facilitate the interpretation, a chart recorder was connected to the
microvoltmeters. The PR-55 and HR-33T microvoltmeters provide cooling currents to
the psychrometers. Integrated circuits within the microvoltmeters allow the recorded
emf's to be displayed as temperatures of the reference and sensing junctions, and as

temperature gradients across the psychrometer circuit.

51



The PR-55 can be used in both automatic and manual modes. In the automatic
mode, the user specifies a cooling current between 1 to 9 mA and a cooling time up to
99s. The cooling of the sensing junction of the psychrometer is then automatically carried
out by the PR-55 in accordance with the specified parameters. In the manual mode, the
cooling time is controlled directly by a user-activated switch. The HR-33T can only be

operated in the manual mode. The default cooling current is set at 8 mA.

3.4  Cooling parameters: current and time

The magnitude of the cooling current and the duration of its application are
important if proper cooling is to be achieved. If the cooling current is too low, or if the
cooling time is too short, the temperature of the sensing junction may not reach the dew
point temperature. Insufficient cooling may also lead to insufficient volumes of
condensed water on the sensing junction. As a consequence, the wet bulb depression will
not be clearly defined. Excessive cooling may also undermine the operation of a
psychrometer. Too strong a current or too long a cooling time will cause excessive
quantities of water vapour from the air to condense on the sensing junction. This could
alter the vapour equilibrium of the soil/psychrometer system.

For soils with high water contents (high water potentials or low suctions), the
relative humidities in the voids are high. Conversely, drier soils normally have lower
water potentials or higher suctions, and have lower relative humidities. Lesser cooling
(that is, smaller cooling current and/or shorter cooling time) is required in wetter soils than
in drier soils to cause condensation of water vapour from the air on to the sensing
junction.

Thus, to a certain extent, the selection of appropriate cooling parameters becomes

a matter of judgement and experience that is influenced by the water content and
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temperature of the soil (Wiebe et al., 1971). Table 3.1 shows the cooling parameters used

in this study.

3.5 Calibration

All the psychrometers used in the study were calibrated prior to use. The
calibration provides a relationship between suction potential and instrument output.
Each psychrometer calibration was carried out using potassium chloride (KCl) solutions
to control the partial vapour pressure surrounding the thermocouple probe of the
psychrometer. Figure 3.5 shows the standard relationship between suction potential and
molal concentration of KCl solution at 25°C (Young, 1967). Note that 1 molal (m) is
defined as 1 mole of solutes per 1 kg of solvent.

The majority of the psychrometers were calibrated at an ambient temperature of
250C. Several psychrometers were calibrated at 10°C, 25°C, and 50°C to examine the
effect of temperature on psychrometer outputs.

Figure 3.6 shows the test arrangement used to calibrate the psychrometers at
25°C. The probe containing the thermocouples was placed inside a sealed polyethylene
bottle and suspended above a small quantity of KCl solution of known molal
concentration. To maintain constant temperature and minimize the effects of temperature
gradients, the sealed bottle containing the psychrometer was partially submerged in a
water bath located inside an insulated wooden chamber. The temperature of the inside of
the chamber was maintained at an ambient temperature of 25°C by means of circulating
the air with a fan unit controlled by an external constant temperature bath. At
temperatures lower and higher than the calibration value of 25°C, the sealed bottles
containing the KCI solution and the psychrometer were placed in either a temperature

controlled commercial refrigerator or an oven.
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The psychrometer was first allowed to equilibrate with the partial vapour
pressure over the KCl solution for at least 24 hours. At the end of this period, at least
three psychrometer output readings were taken and the temperature of the psychrometer
was recorded. The bottle was then emptied, rinsed with distilled water, and dried. A
different KCI solution was then placed inside the bottle, and the psychrometer was fitted
back into the bottle. The procedure for measuring the output from the psychrometer was
repeated. Generally, three KCl solutions prepared to concentrations between 0.4 m and
1.0 m were used for each psychrometer calibration. These concentrations correspond to
suction potentials of 1.8 MPa to 4.5 MPa respectively at 25°C (see Figure 3.5). A linear
regression analysis was then carried out to determine the suction-output relationship for
the psychrometer. Figure 3.7 shows the calibration relationship at 25°C for a typical

Wescor psychrometer used in this study.

3.6  Psychrometer performance

3.6.1 Precision

The precision of an instrument is defined as "the closeness of approach of each of
a number of similar measurements to the arithmetic mean", and is "synonymous with
reproducibility and repeatability”" (Dunnicliff, 1988). The precision of a thermocouple
psychrometer depends on temperature, the type of microvoltmeter and chart recorder
used for monitoring, and the interpretation procedures followed by the user.

In this study, three readings of the output of a psychrometer are normally taken
for a given suction and temperature suction. The precision of the psychrometer is defined
as the difference between the measured instrument output and the average of the three
outputs taken under the same conditions. The precision of 40 commercial psychrometers

tested in this study are plotted against suction potential in Figure 3.8. From the figure it
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can be seen that the instruments are generally precise within + 0.5uV over the suction
range of 1.5 MPa to 5.3 MPa. For this suction range, the average precision of the
instruments were determined to be + 0.25 Vv, with a 95% confidence limit of + 0.22 pV.
In a typical calibration test as described in Section 3.5, the measured
psychrometer output varies from 6 pV for 1.4 MPa suction to 25puV for 5.3 MPa
suction. Therefore the margin of error corresponding to the measured precision in the
instrument decreases with increasing suction. This conclusion is supported by the data
shown in Figure 3.9. An error factor is introduced to quantify the largest difference
between the measured output and the average of the three outputs taken by the same
psychrometer under the same conditions. The result is expressed as a percentage of the

average output. Therefore,

Maximum of (Measured output - Average output)

x 100%
Average output [3.1]

Error factor =

In Figure 3.9, the average error factor at each suction represents the average of a group of
instruments tested at that suction potential. The number of instruments per group per
suction varied between 9 and 30. It can be seen from Figure 3.9 that the average error
factor decreases exponentially with increasing suction. Hence the margin 6f error
corresponding to the precision of the instrument decreases with increasing suction.

The effect of temperature on the precision of psychrometers has been examined
using the data from a series of tests on unsaturated sand-bentonite material that forms
part of this study. All the measurements were carried out using the same psychrometer.
Figure 3.10 shows that the precision of the psychrometer is generally independent of
temperature. However, the margin of error in the suction measurements tends to increase
with decreasing temperature (see Figure 3.11). The error factor at 50°C is generally below

1.5% . In contrast, the error factor is higher at 10°C, about 3% for suctions between
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2.5 MPa to 5 MPa, and increases in value with decreasing suction for suctions less than
2.5 MPa.

Based on the results shown in this section, it can be concluded that the precision
of the psychrometers used in this study is generally within £ 0.5 uV. For the suction
range of 1.5 MPa to 5.3 MPa and temperature from 10°C to 50°C, the maximum
difference between the average and measured suctions is restricted to within + 3%. When
the instruments are used in suctions below 1.5 MPa at temperatures less than 25°C, larger

differences up to 7% can be expected.

3.6.2 Calibration factors

Information on the calibration of 40 psychrometers tested in this study is
tabulated in Table 3.2. The calibration factor (the slope of a statistically fitted straight
line through the data and the origin) varies between 188 and 311 kPa/uV. An average
global calibration factor for these 40 psychrometers is determined to be 225 kPa/pV, with
a standard deviation of 22 kPa/uV. The variability in the calibration factors among the
psychrometers is attributed to the inherent differences in the components of the
psychrometers such as the sensing junction and the size of the thermocouple circuit. For
example, the size of the sensing junction affects the evaporation of the condensed water
(Rawlins, 1966), a process which is directly related to the output of the instrument.

Table 3.2 also shows the calibration factors which correspond to the lower 95%
and upper 95% confidence levels. The accuracy of each calibration factor is assessed in
terms of the standard error of coefficient, that is, the difference between the fitted and the
"95%" factors expressed as a percentage of the fitted factor. From Table 3.2, the standard
error of coefficient ranges from 1.8% to 12.1%. The average coefficient is determined to
be about 6%, which is higher than the average error of 3% attributed to instrument

precision as reported in Section 3.6.1.
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A de\}iation parameter was introduced to quantify the difference between the
individual psychrometer calibration factor and the average global calibration factor of
225 kPa/pV, expressed as a percentage of the individual factor. The deviation parameter
and the standard error of coefficient for each psychrometer are compared in Table 3.2. and
Figure 3.12. For 21 of the 40 psychrometers, the deviation parameter is smaller in value
than the standard error of coefficient (Table 3.2). Furthermore, the deviation parameters
of 30 psychrometers are less than 8% which is the upper 95% confidence limit of the
standard error of coefficient (Figure 3.12). Based on the data shown in Table 3.2 and
Figure 3.12, it can be concluded that within the bounds of error associated with the
accuracy of the calibration relationship, the global factor of 225 kPa/uV could be used in
place of individual calibration factors for the same psychrometer type. However,
individual calibration factors, and not the global factor, were used to calculate suctions in
the remainder of this study.

All the psychrometers had been calibrated by the manufacturer prior to delivery
using sodium chloride solution with a suction potential of 2500 kPa at 25°C. The factory
calibration was determined by simply dividing the suction potential of 2500 kPa by the
measured output. In contrast, the psychrometers used in this study were calibrated
above potassium chloride solutions at several suction potentials.

The factory calibration factors are compared with the individual calibration factors
determined in this study in Table 3.2. For 35 of the 40 psychrometers, the difference
between the factory and this study's calibration factors expressed as a percentage of the
latter exceed the standard error of coefficient of 6%. The reason for this discrepancy
between the two calibration factors is not clear, but may simply be due to differences in
the calibration procedures.

Discrepancies between the factory and user's calibration factors in excess of the

error associated with the accuracy and precision of the instrument imply that each
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psychrometer should be calibrated before laboratory use. However, when a large number
of psychrometers is required for field applications such as monitoring of suction and
moisture in clay barriers, instruments may not need to be individually caﬁbrated.
Representative instruments can be selected from the group and used to generate a global

calibration factor.

3.6.3 Long term drift of psychrometer outputs

Two tests were carried out to examine the possibility of long term drift of
psychrometer outputs with time. In one test, a psychrometer was installed in a
compacted sand-bentonite specimen formed to a dry density of 1.41 Mg/m3 at 18.2%
water content. In the other test, the specimen was compacted to the same dry density of
1.41 Mg/m3 at 19.8% water content. Each specimen/psychrometer assembly was
wrapped with plastic sheets and sealed in an air tight container to prevent moisture loss
during testing. The outputs of the psychrometer were recorded daily for a period of over
500 days. Figure 3.13 shows the trends of the measured suctions in the two specimens.
The suctions measured by the psychrometers in the specimens were virtually constant
with time. The results from these two tests gives reliance in the results from the longer

term tests carried out as part of the studies described in this thesis.

3.6.4 Effect of temperature on psychrometer outputs

The effect of temperature on the type of psychrometer used in this study was
examined in the calibration tests. Results of a typical calibration test is shown in
Figure 3.14. It can be inferred from the figure that at a given suction potential, the
psychrometer output increases with increasing temperature. The dependence of the

instrument output on temperature is associated with the increase in the wet bulb
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depression at the sensing junction of the psychrometer, that is the difference between the
wet- and dry-bulb temperatures.

Figure 3.15 shows the relationship of saturation vapour pressure of water with
temperature (Roger and Mayhew, 1981) and the relationship of the partial vapour
pressure of 2 m KCl solution with temperature (Campbell and Gardner, 1971). It should
be noted that the two curves are not parallel, but deviate from each other as temperature
increases. The difference in the saturation vapour pressure and the partial vapour
pressure of the KCl solution against temperature is also shown in Figure 3.15. Referring
to Figure 3.15, in a typical calibration, the vapour pressure surrounding the probe of the
psychrometer is depicted by point v{ at an initial temperature of t;. At this temperature
and vapour pressure condition, the wet bulb depression to which the output of a
psychrometer is directly related is tj - t°;. As the temperature increases to tp, the vapour
pressure of the KCl solution increases to vy. At this new condition, the wet bulb
depression ty - t9 is larger in value than the wet bulb depression at t;. Hence, the
instrument output increases with increasing temperature.

Due to limitations of the equipment used for controlling temperature, fluctuations
up to 5°C were anticipated in tests carried out in part of this study. Savage and Cass
(1984) point out that the common practice used to correct for temperature effects is to

apply the empirical formula proposed by Wiebe et al. (1970) as follows.

Vas =——V— [3.2]
a+bxT

where Vs is the corrected output voltage, V is the measured output voltage, T is the
temperature, a and b are parameters which depends on the psychrometer type.
According to Wiebe et al. (1970), this empirical formula is suitable for temperatures

between 4°C and 25°C. The formula converts the measured psychrometer output to a
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value as if it was taken at 25°C. Therefore, suction measurements are standardized to and
compared at the same temperature (Wiebe et al., 1971). For the psychrometers used in
this study, the parameters a = 0.325 and b = 0.027 °C-! as determined by Brown (1970)
are recommended by the manufacturer.

The applicability of Equation [3.2] to the psychrometers used in this study was
examined in nine calibration tests in which the instruments were calibrated at 10°C, 25°C,
and 50°C. The results of two typical tests are shown in Figures 3.16 and 3.17. Each
figure shows the suction-output relationship fitted to the 25°C data, and the 95%
confidence envelope. Also shown in the figure are the outputs taken at 10°C and 50°C
and converted to Vo5 values using the above empirical formula.

From Figures 3.16 and 3.17, it can be seen that the converted V35 values for 50°C
generally fall within or close to the 95% confidence envelope. This gives confidence in
the use of Equation [3.1] for the temperature range between 25°C to 50°C. In contrast,
the converted Va5 outputs for 10°C are consistently lower than the values defined by the
250C fitted relationship. The discrepancy is attributed to condensation effects and the
inability of the equipment to maintain constant temperature during calibration. At lower
temperatures, the absolute humidity, or vapour density, of the air inside the calibration
container and within the ceramic shield of the psychrometer decreases. Under the
conditions of low temperatures and high relative humidities, condensation can readily take
place upon the slightest fluctuation in temperature. The presence of condensed water on
the ceramic shield tends to increase the humidity in the localized area around the sensing
junction, leading to lower psychrometer outputs. The sensitivity of absolute humidity to
temperature fluctuation is illustrated by the following example.

Consider three identical psychrometers being calibrated over 0.5 m KCl solutions
at 10°C, 25°C, and 50°C respectively. Applying the Kelvin equation and using steam

tables, the partial vapour pressure and the absolute humidity around each psychrometer
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can be determined. These are tabulated in Table 3.3. Also included in Table 3.3 is the
maximum absolute humidity e, at each temperature. The air is said to have 100% relative
humidity (RH =v/vy,) when the maximum absolute humidity is achieved. At this
condition, the suction potential is zero according to the Kelvin equation.

Table 3.3 shows that the difference between the absolute humidity and the
maximum value at that temperature increases exponentially with increasing temperature.
In particular, the difference at 10°C is only 0.15 g/m3, compared with 1.328 g/m3 at 50°C,
The data in Table 3.3 also demonstrate that a drop in temperature, say from 25°C to
10°C, leads to a decrease in the absolute humidity in the air. In this case, an excess of
13.425 g/m3 of vapour (that is, 22.673 g/m3 minus 9.248 g/m3) becomes available and
condenses into liquid as the air cools. This quantity of moisture far exceeds the 0.15 g/m’
of moisture required to cause an increase in the relative humidity from 98.4% to 100% at
10°C.

The implication of these calculations is twofold. First, temperature plays an
important role in affecting the calibration of psychrometers at temperatures lower than
259C. Precise temperature control within 0.001°C during calibration is essential at these
temperatures (Richards, 1969). Second, in the field, precise control of temperature
boundary conditions may not be easily effected. Under these conditions, temperature
changes may influence the accuracy and precision of psychrometers in measuring in situ
suctions and water contents. This issue was examined in the Buffer/Container

Experiment, and will be discussed in detail in Chapters 8 and 9.

3.7 Summary
In this chapter, the theory of thermocouple psychrometers was reviewed. The
type of psychrometer and equipment used in this study have been described and

procedures given for calibration and interpretation of instrument outputs.

61



A series of laboratory and calibration tests were carried out to examine the
performance of the Wescor Type PCT-55 psychrometers used in this study.
Discrepancy befween the factory and users' calibrations in excess of the error associated
with the accuracy and precision of the instrument implies that each instrument should be
calibrated before use.

Based on the results from the calibration of 40 psychrometers, it is concluded that
the accuracy of the instruments is largely governed by the goodness of fit of the suction
potential-output relationship on the calibration data. In general, the discrepancies
between the predicted and actual suctions are within + 6% of the actual values. The
instruments are found to be precise to be £ 0.5 pV for the suction range of 1.4 MPa to
5.3 MPa. Temperature affects the output of an instrument. Providing that temperature
fluctuations are limited to + 5°C, the empirical formula proposed by Wiebe et al. (1970)
and Brown (1970) can be used to correct the measured outputs for temperature effects for
the range of 25°C to 50°C. At temperatures lower than 25°C, changes in temperature can
affect the calibration and the use of a psychrometer. Precise temperature control
therefore needs to be exercised at these temperatures. However, in the field, it is often
difficult to maintain constant temperature boundary conditions.  Under these
circumstances, temperature changes may influence the accuracy and precision of

psychrometers in measuring in situ suctions and water contents.
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CHAPTER 4 LABORATORY TESTING PROGRAM AND METHODS

4.1  Background

One of the objectives of the laboratory investigation was to examine the effects of
stress variations and deformations on suction measurements in compacted clays using
psychrometers. The testing program was broadly divided into three parts. One, the
suction properties of the soil materials used in this study were characterized by the
psychrometer method and two other conventional methods. Factors which influence the
suction properties of compacted clays were examined. Two, the effects of isotropic and
shear compression stresses on suction measurements using psychrometers were
investigated in two series of tests on a compacted sand-bentonite material using a triaxial
apparatus. Three, relations between soil fabrics, pore size, and stress history for the
compacted sand-bentonite material were examined using mercury intrusion porosimetry,
scanning electron microscopy, and isotropic compression tests. Results from these tests
were used in the development of a conceptual model that describes, in a qualitative
manner, the relationship between suctions measured by psychrometers, total stress, and
deformation. In the following sections, the soil materials used in this study, and details of

the testing program, equipment and test procedures are described.

4.2  Soil materials

It was discussed in Chapter 2 (Literature Review) that mineralogy is one factor
that influences suctions in soils. In this study, three soil materials of varying mineralogy
were chosen for testing. They were a sand-bentonite material, a sand-illite material, and a
reconstituted natural clay soil from Belgium known as Boom Clay. This section reviews
the properties of each material, and describes the procedures used for material and

specimen preparation.
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Sand-bentonite

The sand-bentonite material is a mixture, by dry mass, of 50% silica sand and 50%
bentonite. This material is being investigated for use as a barrier material for the disposal
of radioactive wastes in Canada (AECL, 1994). The sand component is a well graded fine
to medium silica mixture, with 80% of particles within the size range 0.1-1.0 mm (see
Figure 4.1). The clay component is a finely ground natural bentonite from Southern
Saskatchewan, sold under the tradename Avonseal (Dixon et. al., 1992a). The particle
size distribution of the bentonite is shown in Figure 4.2. The clay mineralogy of the
bentonite is dominated by montmorillonite and illite (Quigley, 1984). The cation
exchange capacity of the bentonite is about 95 meq/100g, with Na* (47 meq/100g) and
Ca® (40 meq/100g) as the dominant cations. The clay has a liquid limit of 250% and a
plasticity index of 200 (Dixon et al., 1992a). The dry density-water content relationship
of the material is shown in Figure 4.3. The lack of a distinct optimum dry density and
water content in the compaction curve is attributed to the insufficient energy in the
standard dynamic compaction test (ASTM D 1557,1992) to overcome the shear
resistance of the adsorbed water around the bentonite particles (Dixon et al., 1985).

The sand-bentonite material used in this study was the same and excess material
used in an underground field-scale clay barrier experiment at the Underground Research
Laboratory (URL), near Lac du Bonnet in Manitoba. Relevant details of this experiment
will Be described in Chapter 8. The material was prepared in 50-kg batches in a Crocker
Cumflow RP200 flat pan mixer with a volume capacity of 0.5 m> (Dixon et al., 1992a).
The material was prepared at a water content of 18%. A natural ground-water recovered
from fractures at the 240 level of the URL was used in the mixing. The water has a pH of
about 7 to 8, and contains predominantly of Na*, K*, CI', and SO, ions. After mixing,
the material was kept in sealed plastic bags and stored in barrels to allow water content

equalization.
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For testing carried out at water contents other than 18%, the water content of the
material had to be adjusted. For water contents lower than 18%, a known quantity of the
moist soil was removed from the barrel and then dried in an open pan under ambient
temperature and humidity condition until the desired water content was achieved. After
drying, the soil was manually re-mixed to attain uniform moisture and soil fabric in the
material. After mixing, the material was stored in a sealed plastic bag for at least three
days before use.

To obtain materials with water contents higher than 18%, a predetermined
quantity of ground-water was added to a known amount of moist soil contained in a large
pan. The soil-water mixture was then manually re-mixed until the mixture appeared to be
homogeneous. After mixing the material was stored in a sealed plastic bag for at least

three days before use.

Sand-illite

The sand-illite material also had a 1:1 sand-clay ratio by dry mass. The sand
component was identical in gradation and mineralogy to that of the sand-bentonite
material. The clay component is an illitic clay shale from Quebec, sold under the
tradename Sealbond. Illite, quartz and chlorite are the dominant minerals in the clay
(Quigley, 1984). The particle size distribution of the clay is shown in Figure 4.2. The
clay has a liquid limit of 30% and a plasticity index of 9, and a cation exchange capacity of
16 meq/100g (Dixon et al., 1985). The dry density-water content relationship of the
sand-illite material is shown in Figure 4.3. The material has a maximum dry density of
2.13 Mg/m® at a water content of 9%, corresponding to 95% Modified Proctor maximum
compaction density at the optimum water content.

The sand-illite material was prepared in a 25-kg batch at a water content of 9%.

Mixing was carried out in a Crocker Cumflow RP100 flat pan mixer with a volume

65



capacity of 0.25 m®. Distilled water was used in the material preparation. After mixing,
the material was stored in plastic bags and kept in air-tight 20 L containers. For testing
carried out at water contents other than the optimum, the water content of the material

was adjusted in a similar manner as for the sand-bentonite material.

Boom Clay

The natural clay soil tested in this study is Boom Clay from Belgium. Boom Clay
deposits are being studied for their suitability to host a repository for heat generating
radioactive wastes in Belgium (Pellegrini et al., 1989). The soil arrived at the laboratory in
the form of a dry grayish white powder. Based on results from previous studies, the
properties of Boom Clay are highly variable (Baldi et al., 1990; Hueckel and Pellegrini,
1992). To characterize the properties of the material used in this study, the following
tests were carried out as part of the laboratory testing program:
1) X-ray diffraction analysis
2) Particle size distribution analysis
3) Atterberg limits tests
4) Compaction tests

Results from the X-ray diffraction analysis showed that the mineralogy of the soil
was dominated by quartz (83%). The remaining fractions included muscovite (5%),
montmorillonite (4%), illite (4%), lizardite (3%), and saponite (1%). The particle size
distribution of the soil is shown in Figure 4.2. From the figure, it can be seen that the soil
was well graded and contained predominantly clay size particles. The liquid limit and the
plasticity index of the soil were measured to be 70% and 35% respectively. Results from
compaction tests are shown in Figure 4.3. The optimum dry density of the soil was
determined to be 1.91 Mg/m?> at a water content of 15%.

Distilled water was used in preparing the material. Mixing of the soil and water
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was cattied out manually in small batches of the order of 500 g. After mixing, the material
was kept in sealed plastic bags for at least 3 days before use. Due to the limited amount
of Boom Clay available for testing, at the end of each test, the material was dried, crushed

up and re-used in future tests.

4.3  Suction test series

The objective of this series was to determine the relationships between suction
and other soil parameters including water content, degree of saturation and temperature
for the soils used in this study. The soil suctions were measured by psychrometer and
two other conventional methods, namely the vapour equilibrium technique and filter

paper technique. This section describes the resulting testing program and procedures.

43.1 Psychrometer method
Chapter 2 describes how the psychrometer method measures the total soil suction

including both the matric and the osmotic components.

4.3.1.1 Single-stage tests

The sand-bentonite material was the prime material investigated in the
Buffer/Container Experiment, which will be described in Chapter 8. Because a relatively
large number of tests is needed to generate a suction-water content relationship using the
single-stage procedure, only the sand-bentonite material was tested using this procedure.
Sand-illite material and Boom Clay were tested in the multi-stage tests, which are
described in Section 4.3.1.2. Each sand-bentonite specimen used in the single-stage test
was formed to a dry density of 1.41 Mg/m® or 1.67 Mg/m® at water contents from 17% to
24%. Table 4.1 summarizes the initial and final conditions of the specimens.

In a typical test, the sand-bentonite material was compacted statically in a rigid
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mould to form a cylindrical specimen measuring 100 mm in diameter and 200 mm long.
The specimen was then extruded from the mould, and a 3-mm diameter hole was drilled
into the specimen. A calibrated psychrometer was inserted into the hole with the
thermocouple component of the instrument located near the centre of the specimen. The
remainder of the hole was then backfilled with excess soil. This backfill was lightly
compacted using a glass rod. Figure 4.4 shows a compacted sand-bentonite specimen
with an embedded psychrometer.

To prevent loss of moisture during testing, the specimen was wrapped with
plastic sheeting, and placed in an air tight plastic container. Total suction measurements
were carried out at temperatures of 10°C, 25°C, and 50°C. At each temperature, the
specimen/psychrometer assembly was allowed to reach thermal and vapour pressure
before at least three psychrometer measurements were taken. At the end of the test, the
psychrometer was carefully removed from the specimen, and the average water content of

the specimen was determined (ASTM D 2216-80, 1992).

4.3.1.2 Multi-stage tests

Two multi-stage tests were carried out: one on sand-illite material and the other on
Boom Clay. The specimens used in this test series were nominally 100 mm in diameter
with a 1:1 diameter to length ratio. The installation of the psychrometer and sealing of
the specimen were carried out in the same manner as for the sand-bentonite specimens
tested in the single-stage tests. The initial and final water contents and densities of the
sand-illite and Boom Clay specimens are given in Table 4.1. The procedures for a multi-
stage test were as follows.

The specimen/psychrometer assembly was first allowed to attain vapour and
temperature equilibrium for at least 2 days before three initial psychrometer

measurements were taken. The specimen was then allowed to dry to different water
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contents in successive stages under ambient temperature and humidity conditions. At the
end of each drying stage, the weight of the specimen/psychrometer assembly was
measured to determine the moisture loss due to drying. The specimen was then carefully
re-wrapped with plastic sheets and was allowed to achieve water content equalization for
at least 2 days before three psychrometer readings were taken. The drying process was
repeated until the psychrometer was out of its operating range. At the end of the test, the
final water content of the specimen was measured by oven drying (ASTM D 2216-80,
1992), and the water content at the end of each drying stage was determined by back-

calculation.

4.3.2 Vapour equilibrium technique

The vapour equilibrium technique measures the total suction in a soil (Wilson,
1990). The principle of the method has been described in Chapter 2. In this study,
various concentrations of sulphuric acid were used as osmotic agents to provide a range of
suction potentials from about 3.5 MPa to 470 MPa. Sulphuric acid was chosen because
the relative humidity of the acid is insensitive to temperature change (Young, 1967).
Figure 4.5 shows the variation of relative humidity and its corresponding suction
potential at 25°C with acid concentration.

Figure 4.6 shows the chamber used in a typical vapour equilibrium test. Tables
4.2 to 4.4 summarize the initial and final conditions of the specimens tested in this series.
Both uncompacted and compacted specimens were used. In most tests, they were
prepared at the optimum water contents of the respective soil materials. Each compacted
specimen which had a nominal diameter of 30 mm and a 10 mm thickness, was formed b y
statically compacting the soil material in a rigid mould. Both single-stage and multi-stage

tests were carried out. The procedures for each test type are explained as follows.
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4.3.2.1 Single-stage tests

After formation, the specimen was placed in a petri dish which in turn was placed
inside a desiccator over a container of sulphuric acid solution with a known concentration
from 1.05g/ml to 1.70 g/ml (see Figure 4.6). The specimen was then allowed to
equilibrate with the vapour pressure of the solution under constant temperatures of 10°C,
25°C or 50°C. At the end of the equalization period, the petri dish containing the
specimen was carefully removed from the desiccator. The weight of the specimen was
measured to determine the change in moisture during this increment. The petri dish with
the specimen was then placed inside the desiccator again and the test was allowed to
resume at a different temperature. At the end of the last temperature increment, the
specimen was removed from the desiccator, and its final dimensions and water content
were measured.

To ensure vapour equilibrium, each desiccator contained no more than 5
specimens. Of major concern was the time required by the compacted specimens to reach
thermal and vapour pressure equilibrium within the surrounding environment. At the
beginning of this test series, changes in the water content of the specimens were
monitored with time. In general, most specimens came to a vapour pressure-water
content equilibrium in about ten days. Typical results are shown in Figure 4.7. In this
study, an equalization period of at least 4 weeks for each temperature increment was

used.

4.3.2.2 Multi-stage tests

The objective of the multi-stage tests was to examine hysteresis in the suction-
water content relationship. In a multi-stage test, the specimen first underwent a drying
phase and then a wetting phase. During the drying phase, the specimen was dried in a

desiccator having progressively drier atmospheres as controlled by the sulphuric acid.
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The concentrations of sulphuric acid used in the drying phase were 1.15 g/ml, 1.35 g/ml,
1.50 g/ml, and 1.70 g/ml, corresponding to suctions of 10 MPa, 16 MPa, 100 MPa, and
400 MPa respeétively. At the end of each drying stage, the weight of the specimen was
measured and the moisture loss was determined. Drying of the specimen was then
resumed with the next concentration of sulphuric acid.

When the drying phase was completed, the specimen was allowed to absorb
moisture from the atmosphere in the desiccator having progressively higher humidities.
The concentrations of sulphuric acid used in the wetting phase were 1.5 g/ml, 1.35 g/ml,
1.15 g/ml, and 1.05 g/ml, corresponding to suctions of 100 MPa, 16 MPa, 10 MPa, and
3 MPa respectively. At the end of the wetting phase, the final water content of the
specimen was measured and the water content at the end of each drying or wetting phase
was determined by oven drying at 110°C (ASTM D 2216-80, 1992). Water contents at

each increment of suction were back-calculated.

4.3.3 Filter paper method

The filter paper technique measures both the total and matric suctions in a soil.
The principle of the filter paper technique has been described in Chapter 2.

Whatman Type 42 filter paper was used in the study. While suction-water
content relationships for this type of paper are available in the literature (McQueen and
Millar, 1968; Al-Khafaf and Hanks, 1974; Chandler and Gutierrez, 1986; Sibley and
Williams, 1990), they are only suitable for the suction range from 0.1 MPa to 5.0 MPa.
Calibration tests using the vapour equilibrium technique were therefore carried out on the
filter paper material used in this study to extend the relationships to the higher suction
range of up to about 60 MPa. Figure 4.8 summarizes the results from the calibration tests
and the data from the literature. A regression relationship is fitted through the data in

Figure 4.8, and is given as follows.
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log S = 4.842 - 0.063w (R?=0.94) [4.1]

where § is the suction potential (kPa) and w is the water content by mass (%) of the filter
paper. Equation 4.1 has been used throughout this study for converting filter paper water
contents to suctiéns.

Suction measurements using the filter paper technique were carried out at an
ambient temperature of 25°C. The specimens were 100 mm diameter and 50 mm long,
and were formed by statically compacting the soil material into a rigid mould to a
specified dry density and water content. The initial and final conditions of the specimens
tested in this series are summarized in Tables 4.5 to 4.7.

Figure 4.9 shows the equipment used in a typical filter paper test. Three filter
paper discs were used on each specimen. The largest disc had the same diameter
(100 mm) as the specimen. It was first placed in direct contact with one end of the
specimen. Its function was to prevent any contamination of the other two filter paper
discs by the specimen. The two remaining discs had slightly smaller diameters of about
97 mm. The second disc was placed in direct contact with the first disc and measured the
matric suction in the specimen. The third disc which was separated from the second filter
paper by about 2mm, allowed determination of total suction. The separation between the
second and third discs was controlled using a thin glass disc with holes which supported
the third disc and permitted moisture vapour transfer from the specimen to the disc. To
ensure intimate contact between the specimen, and the first and second filter discs, a solid
glass disc was placed on top of the third filter paper disc. The specimen/filter paper
assembly was then quickly and carefully wrapped with plastic film and placed in a sealed
plastic container. The filter paper discs and the specimen were then allowed to
equilibrate in a temperature-controlled box with an ambient temperature of 25°C. In

general, an equalization time between 4 to 6 weeks was used. In later tests, filter paper
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discs were installed on both ends of the specimen to provide two sets of suction
measurements from one specimen.

At the end of each test, the specimen and the filter papers were removed quickly
from the container, and their water contents determined. Measurements of the weights of
the filter papers were carried out using a Mettler AT200 balance with a precision of
+0.0001g. Once the water contents of the filter papers were determined, they were
converted to the total and matric suction using Equation 4.1. The osmotic suction was

taken as the numerical difference between the total and matric suctions.
4.4 Triaxial test series

4.4.1 Background

Three series of tests were carried out using a triaxial apparatus. The first two
series examined the effects of isotropic and shear compression stresses on psychrometer
outputs in compacted sand-bentonite material under constant mass conditions. In the
third series of tests, the volume strain-pressure relationships of unsaturated sand-
bentonite material were measured under isotropic, constant mass conditions. All triaxial
tests were carried out in ambient room temperatures between 20°C to 25°C. Temperature
corrections were applied to the psychrometer measurements using Equation 3.2 given in

Section 3.6.4.
4.4.2 Equipment
44.2.1 Triaxial testing system and instrumentation

Four commercial triaxial cells manufactured by Brainard-Kilman, Georgia, USA

were used in this study. Figure 4.10 shows a typical triaxial cell equipped with a lucite
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sleeve which gave a cell pressure capability of 1250 kPa. FEach cell has an internal
diameter of 140 mm and a length of 320 mm. When used with an aluminum sleeve, the
cell could be operated to a maximum total pressure of 3500 kPa. The top plate of each
triaxial cell was modified to accommodate the use of psychrometers in some of the tests.
This required a Conax™ fitting to be fitted in the top plate of each triaxial cell to
accommodate the psychrometer cable.

Deaired distilled water was used as cell fluid. Argon gas was used to provide the
cell pressure via an air-water interface. Argon was chosen for its low solubility in water.
Cell pressures were measured by several types of commercial pressure transducers
manufactured by Micro-gage, Sensotec, and Heise respectively. These transducers were
calibrated in accordance to the procedures adopted in the Soil Mechanics Laboratories at
the University of Manitoba (Saadat, 1989). Strain-controlled shear compression tests
were carried out in an ELE 10-ton compression frame. A linear displacement transducer
and a dial gauge were used to measured the axial displacements of the specimens in the
shear compression tests. Axial load was measured by an external proving ring with a load

capacity of 20 kN.

4.4.2.2 Volume change measurement system

Figure 4.11 shows the system that was specifically developed and used in these
studies for measuring the volume change of unsaturated sand-bentonite specimens in
isotropic compression tests under constant mass conditions. The system consists of a
triaxial cell, an air-water interface, a specimen chamber, two pressure-resistant burettes
and a conventional glass burette.

The high pressure-resistant burettes used in this study were similar to those used
by Saadat (1989) and Oswell (1991). Each burette was essentially a graduated glass

burette contained inside a pressure vessel formed by a 500-mm long, thick wall acrylic
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tube and two brass caps with Swagelok™ fittings (see Figure 4.12). Pressurization of the
burette is carried out through the top brass cap. Drainage of water into and out of the
graduated burette is controlled by a pressure-resistant null valve at the bottom cap. Each
burette has a maximum operating pressure of 3.5 MPa and a usable volume of about
40ml. In this study, two pressure-resistant burettes were used in parallel to permit
volume change measurements of up to 80 ml.

Two specimen chambers were fabricated. Figure 4.13 shows one of the chambers
used in this study. Each chamber is constructed of lucite material and is designed to
house a 50-mm diameter and 100-mm long specimen. The chamber consists of three
components: a top plate, a sleeve with a flange ring at each end, and a bottom plate with
three stabilizers. A 50.5-mm diameter, 3-mm deep recess is machined on the inside face
of the bottom plate to provide the restraint to the base cap on which the specimen is
seated. Stainless steel screws are used to secure the two end plates on to the flanges of
the sleeve. The seal between an end plate and the flange is provided by a sealing O-ring.
Swagelok™ fittings are fitted in both the top and bottom plates to provide the connection
between the chamber and the burettes.

. Referring to Figure 4.11, the specimen chamber fits inside the triaxial cell and is
totally submersible in the cell water. The chamber is connected directly to the burettes
located outside of the triaxial cell. Therefore, inter-connection is prevented between the
inside of the chamber and the remainder of the cell fluid. Volume changes within the
specimen chamber are monitored by one of the pressure-resistant burettes. The
conventional glass burette is used for flushing the chamber during setup of the specimen,
and is isolated from the rest of the system when testing begins. The water in the triaxial
cell is supplied and pressurized through an air-water interface.

During operation, the pressures in the air-water interface and the pressure-

resistant burettes are supplied by a common argon gas source so that pressure gradients
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across the wall of the specimen chamber are negligible. Theoretically, under these
conditions, the deformation of the specimen chamber should be zero and the volume
change measured by the burette should be exclusively due to deformation of the specimen.
In practice, several factors including the compressibilities of the water, latex membranes,
rubber O-rings, and the lucite material, and the expansion of exposed drainage lines
contribute to the compliance of the measurement system, leading to the possibility of
errors in volume change measurements.

To limit the effects of these errors, prior to use, each of the volume measurement
systems was calibrated for compliance. In a typical calibration, a dummy brass specimen
was used in place of the soil specimen as shown in Figure 4.11. Two latex membranes
separated by a thin layer of silicon oil were used to surround the dummy specimen.
Several O-rings were used to seal the membranes to the top and bottom caps. Increments
of isotropic confining pressure were applied to the specimen up to a total cell pressure of
about 3200 kPa. At the end of each increment, the volume change in the measurement
system was measured with a pressure-resistant burette.

Figures 4.14 and 4.15 show typical calibration results for two measurement
schemes used in this study. The fitted relationship shown in each figure was used to

correct the volume change data for system compliance in each test.

4.4.3 Specimen preparation

Depending on the type of test, specimens used in this series were formed by
statically compacting the soil material in two or four layers into a rigid mould. Figure
4.16 shows the compaction mould with a removal collar used in this study. Compaction
was carried out in a 250 kKN MTS compression machine. Three specimen sizes were
used.

For tests to measure the effects of isotropic compression stresses on suction
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measurements using psychrometers, specimens had a nominal diameter of 100 mm with a
1:1 length to diameter ratio. It was assumed that faster vapour equilibrium within the
specimen would be achieved with shorter specimens. In these specimens, the
psychrometer was located at the centre of the specimen.

For tests to measure the effects of shear stresses on suction measurements using
psychrometer, the specimens measured 100 mm in diameter and 200 mm long, giving the -
customary 2:1 length to diameter ratio. Because shear stresses were expected to be the
greatest at the centre of the specimen, to avoid damaging the psychrometer during shear,
the instrument was positioned 10 mm above the centre.

A rigid stainless steel tee-shaped ram was fabricated to facilitate the installation of
psychrometers during specimen formation (Figure 4.17). A hole was added in the tee of
the ram to permit the psychrometer cable to move independently of the ram during
specimen formation. Special compaction procedures had to be developed to allow
installation of the psychrometer while retaining good density and water content control.
These procedures are explained as follows.

1) The soil material for the bottom layer is added into the mould and is lightly
compacted (Figure 4.18a).

2) A cavity is then created by using a blank former between the lightly compacted
layer and the ram when the compaction of the layer resumes (Figure 4.18b).

3) A calibrated psychrometer is then inserted into the cavity with the cable of the
instrument going through the hole in the compaction ram (Figure 4.18c).

4) The loose material for the top layer is added to the mould covering the
psychrometer, and carefully compacted to achieve the length of the specimen
needed to achieve the desired dry density (Figure 4.18d).

5) The compacted specimen is then carefully extruded from the mould, and its

dimensions and mass are determined.
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For isotropic compression tests with volume change measurements, the specimens

had a nominal diameter of 50 mm and a nominal length of 100 mm.

4.44 Tests to examine the effect of total stress on suction measurements using

psychrometers

4.4.4.1 Set up

Procedures used for setting up the specimens were similar to those used by other
researchers in the Soil Mechanics Laboratories at the University of Manitoba (see for
example, Saadat, 1989). However, two minor changes are noteworthy. First, since pore
water and pore air pressures in the specimens were not measured, side drains and filter
stones were not used. Second, each top cap was fitted with a Conax™ pressure fitting to
accommodate the use of a psychrometer in the test and to prevent the leakage of cell
water into the specimen (see Figure 4.19).

Before the specimen was installed in the triaxial cell, the sides of the top cap and
the sides of the pedestal of the cell were covered with a thin layer of silicon grease. The
specimen was then placed on the pedestal. The top cap was put on top of the specimen
with the psychrometer cable going through the Conax™ fitting. Two latex membrane
separated by a thin layer of silicon oil were used to surround the specimen. The
membranes were sealed onto the pedestal and the top cap with several O-rings. The
Conax™ fitting on the top cap was then carefully tightened.

The next step was to re-assemble the triaxial cell. The sleeve was first placed on
to the bottom plate of the cell. The remaining psychrometer cable from the specimen was
then inserted through the Conax™ fitting in the top plate of the triaxial cell before the
plate was fitted on to the sleeve. The tie-rods were then installed and tensioned to hold

the top and bottom plates, and the sleeve together. Prior to filling the cell with distilled
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water, the ram was securely locked in place. To avoid breakage of the psychrometer cable
during testing, sufficient cable length was allowed between the top cap and the top plate

of the cell before the Conax™ fitting was tightened.

4.4.4.2 Isotropic compression tests

The objective of this test series was to examine the effect of isotropic
compression stresses on suction measurements using psychrometers. To the author’s
knowledge, this work is an entirely new contribution to the testing of unsaturated soils.
Nine isotropic compression tests were carried out under “undrained” constant mass
conditions. No attempt was made to measure the air and water pressures inside each
specimenv during testing. At the time of testing, guidelines on the measurement of pore air
and pore water pressures in swelling active soils with complex soil structures were not,
and still are not, available in the literature. Therefore “undrained” constant mass tests
were carried out to avoid the uncertainties in the interpretation of the pore air and pore
water pressures in the dense sand-bentonite material. Technologies in this area are
currently being developed in the Soil Mechanics Laboratories at the University of
Manitoba. The initial and the final conditions of the specimens tested in this series are
summarized in Table 4.8. The general test procedures are described as follows.

After the specimen was set up in the cell, an equalization period of up to 3 days
was allowed to attain vapour pressure and temperature equilibrium between the
psychrometer and the soil. Three readings of the psychrometer output were then taken
to establish the baseline suction in the specimen, that is, the suction under the influence of
zero cell pressure.

The specimen was then subjected to cycles of loading-unloading-reloading under
“undrained” constant mass conditions. In each stage, the confining pressure was applied

to or removed from the specimen in successive increments. In general, increments of
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100 kPa to 200 kPa were used during the loading and reloading stages, and about 500 kPa
for the unloading stage. Each pressure increment was kept on the specimen for at least
24 hours. At the end of the increment, the total confining pressure and readings of the
psychrometer output were recorded. Typically, the equalization times between
psychrometer readings were 30 minutes. The maximum confining pressures used in these
tests were about 3200 kPa.

At the end of each test, the specimen and its embedded psychrometer were
carefully removed from the triaxial cell. The weight and dimensions of the specimen were
determined. After the removal of the psychrometer, the water content of the specimen

was measured.

4.4.4.3 Shear compression tests

The objective of this test series was to examine the effect of shearing stresses on
suction measurements using psychrometers. This work is also a new contribution. Four
tests were carried out. The specimens were sheared under strain-controlled conditions in
a 10 ton ELE compression machine. Shearing was carried out under “undrained” constant
mass conditions for the same reason as the isotropic compression tests described in
Section 4.4.4.2. Two shear rates were used in this study. A faster rate of 1.5 %/day was
used during daytime and a slower rate of 0.4 %/day overnight and at weekends. Three
specimens were sheared to axial strains of more than 10%. The fourth specimen was
sheared without lateral confinement. It failed at about 6% axial strain. Table 4.8
summarizes the initial and final conditions of the specimens tested in shear compression.
The general test procedures are described as follows.

The specimen was first compressed isotropically, in several successive
increments, to the desired confining pressure. After at least 24 hours of vapour pressure

and temperature equalization, three readings of the psychrometer output were taken. The
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shearing was then initiated. During the shear test, readings of the psychrometer output,
axial displacement, proving ring deflection, cell pressure and temperature were taken at
intervals of 30 to 60 minutes during the day for the first 2 to 3 days, and then at intervals
of 2 to 3 hours thereafter.

Consistent with the procedures used in testing saturated sand-bentonite material
(Saadat, 1989), in the first three of the four tests, at the end of shearing, the specimen
with the embedded psychrometer was quickly removed from the triaxial cell. The final
weight, dimensions and water content of the specimen were then determined. However,
in the last test (Specimen SB1880TS4), a slightly modified procedure was followed. This
change in procedure was necessitated by the observations in the parallel series of triaxial
isotropic compression tests described in Section 4.4.4.2. The new procedure was
implemented to allow comparison of the initial and end-of-test suctions in the sheared
specimen. At the end of shearing, after the compression machine was turned off, the ram
was quickly locked in place to prevent further axial deformation in the specimen. After
about six hours, a psychrometer reading was taken. The cell pressure on the specimen
was released to zero. The specimen/psychrometer was then allowed to attain vapour
pressure-temperature equilibrium for about 18 hours before a final psychrometer reading
was taken. The specimen was then removed from the triaxial cell for water content and

density measurements.

4.4.5 Isotropic compression tests with volume change measurements

The isotropic compression tests described in Section 4.4.4.2 were carried out
without volume change measurements and before the equipment for these measurements
were developed. Subsequently, six tests were carried out on unsaturated specimens to
measure the compressibility of unsaturated sand-bentonite material under "undrained"

constant mass conditions in which there was no net influx of air or water into or out of
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the specimen under loading. The initial and final conditions of the specimens are
summarized in Table 4.8. The general testing procedures are as follows.

The specimen was first fitted with top and bottom caps. Two membranes
separated by a thin layer of silicone oil were then used to surround the specimen and the
caps. Two O-rings were used to seal the membranes on each cap. The specimen was
then carefully placed on the bottom plate of the specimen chamber (Figure 4.13), ensuring
that the bottom cap was properly seated in the recess of the plate. The chamber was
then reassembled.

The assembled specimen chamber with the specimen was carefully placed on the
bottom plate of triaxial cell. The chamber was then connected to the conventional burette
and the pressure-resistant burettes, and was flooded with deaired distilled water with the
aid of the burettes. The triaxial cell was then reassembled and flooded with deaired
distilled water via the air-water interface. Prior to testing, the water level was adjusted to
near the top of each burette such that the volume capacity of the burette was maximized.

The specimen was first isotropically compressed, in successive increments, to a
maximum confining pressure up to 3200 kPa, and then incrementally unloaded to zero
confining pressure. During this loading phase, pressure increments of 100 kPa to 200 kPa
were generally used. Each pressure increment was maintained on the specimen for at least
24 hours. Volume change of the specimen during each pressure increment were monitored
by one of the pressure-resistant burettes. Pressure-volume equilibrium generally achieved
in the specimen after 24 hours.

For unloading, larger decrements of 400 kPa to 500 kPa were generally used for
the confining pressure range from 3200 kPa to 500 kPa. Below 500 kPa, smaller
decrements of 100 kPa were used.

At the end of the test, the cell and the specimen chamber were drained of water.

The specimen was carefully removed from the chamber. The final dimensions and water
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content of the specimen were measured.

4.5  Mercury porosimetry studies

4.5.1 Background

The purpose of the mercury porosimetry studies was to examine the pore size
distributions of the sand-bentonite material, sand-illite material, and Boom Clay used in
this study. In recent years (for example, Delage and Graham, 1995; Wan at al., 1995),
considerable effort has gone into understanding how pore size distribution (PSD), as an
appropriate measure of soil microstructure, affects soil suctions. It is increasingly
understood (Delage and Graham, 1995) that many compacted plastic clays have bimodal
pore size distributions in which the smaller interparticle voids are saturated, and the air
phase are seated in the larger voids. To the author’s knowledge, no information had
previously been obtained about the pore size distributions in sand-bentonite material. It
was therefore considered to be important to undertake mercury intrusion porosimetry
studies, and relate the results to the macroscopic'measurements of compressibility and
strength that are reported in later chapters.

The theory of mercury intrusion porosimetry was described briefly in Chapter 2.
This section describes the equipment and the general procedures used for specimen
preparation and testing. In particular, the influence of specimen preparation on PSD’s is

discussed.

4.5.2 Equipment
An Autopore II 9220 porosimeter manufactured by Micromeritics, Georgia, USA,
was used in this study. The porosimeter is capable of testing two specimens

simultaneously up to a maximum operating pressuring of 416 MPa. Depending on the
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type of mineral, this pressure corresponds to an equivalent pore diameter of 0.003 um to
0.004 um. The operation of the porosimeter is fully automated by a personal computer.
Mercury intrusion, and data acquisition, reduction, and plotting are automatically
controlled by the commercially supplied software in the computer. No attempt was

made to check the codes, which were assumed to be validated by the commercial supplier.

4.5.3 Influence of drying temperature on specimen disturbance

An important prerequisite of conducting a MIP test is that the specimen must be
completely removed of free water in the connected pores prior to testing. Methods
commonly used for drying specimens include air-drying, oven-drying, freeze-drying and
critical-point-drying (Diamond, 1970). Although the latter two methods produce the
least disturbance in the specimen, specialized equipment is required and stringent
procedures need to be followed. It was therefore decided that the former two methods
should be investigated for drying specimens tested in this study. To understand the
effect of temperature and drying technique on PSD’s, some preliminary tests were carried
out.

Figure 4.20 compares the PSD’s of two sand-bentonite specimens formed to the
same initial dry density of 1.67 Mg/m® and 17.6% water content. One specimen was
dried at 25°C in controlled humidity over concentrated sulphuric acid solution. The other
specimen was dried in an oven at 110°C. It should be emphasized that the data reported
in this section can only be used to assess the relative degree of disturbance in the soil
structure between different drying methods. Quantitative assessment of the disturbance
at different levels of soil structure caused by drying is not possible, as this would require
the knowledge of the PSD of an ideal "undisturbed" specimen.

From Figure 4.20, it can be seen that the drying temperature has virtually no effect

on the pore size range of 0.004 um to 0.1 um. However, there is a measurable difference
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in the PSD’s over the range of 5 um to 150 um. A larger apparent total porosity (taken
as the maximum cumulative intrusion in Figure 4.20b) was measured in the specimen dried
at the higher temperature of 110°C. It is likely that the difference between the two PSD’s
is attributed largely to micro-cracking in the specimen dried at 110°C. Based on the data
presented in Figure 4.20, it may be concluded that specimen disturbance in relation to
drying temperature manifests itself in the larger pore size range of the PSD, and that
higher apparent total porosities are measured in specimens dried in the oven at 110°C. It
is pointed out that, to facilitate comparison of results, all the specimens used for mercury

intrusion porosimetry testing in this study were dried at the same temperature of 25°C.

4.5.4 General procedures for specimen preparation

Each specimen was formed by compacting the soil material into a rigid mould to
the desired dry density and water content. The specimens were 30 mm in diameter and
10 mm high. After compactién, the specimen was removed from the mould, and carefully
broken up by hand into small samples measuring not more than 5 mm in size. This
sample size was chosen because larger samples could not be accommodated in the sample
chamber of a penetrometer which is a glass container consisting of a sample chamber and a
long stem that supplies the mercury during testing. Each sample was then placed in a
small glass container and dried in a desiccator containing concentrated sulphuric acid
solution as desiccant for at least two weeks. It should be noted that the samples used in
this study were typically larger than the samples for mercury intrusion porosimetry
testing used by other researchers (for example, Delage and Lefebvre, 1984; Lapierre et al.,

1990).

4.5.5 Test procedures

At the end of the drying period, each sample was carefully placed inside a
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penetrometer which fitted inside one of the housings in the porosimeter. The
penetrometer was then de-gassed and filled with a known volume of mercury under a
vacuum pressure. It should be pointed out that the stem of each penetrometer has a larger
volume than the sample chamber, and this ensures sufficient mercury available for the
intrusion during a test. To initiate the measurement, increments of positive pressure were
applied to the penetrometer, forcing the mercury to intrude into the pores of the sample.
At each pressure increment, the applied pressure and the amount of mercury intruded
into the sample were automatically recorded by the controlling software in the external
computer.

At a given pressure increment, the pore size in a sample is related to the pressure

by the Washburn equation,

_ 4TscosO
d [2.2 bis]

where p is the absolute pressure, T, is the surface tension of mercury, 8 is the contact
angle between mercury and the soil grain, d is the equilibrium pore diameter (Diamond,
1970). In this study, contact angles between the mercury and the soil grain were taken as
139°, 147°, and 130° for the sand-bentonite material, the sand-illite material, and Boom

Clay respectively (Diamond, 1970).

4.5.6 Factors affecting the interpretation of mercury intrusion porosimetry data

Several factors affect the interpretation of the results of mercury intrusion
porosimetry tests on compacted clays (Diamond, 1970). These factors are discussed as
follows.

Occluded or isolated voids in compacted clay specimens cannot be intruded.
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In this study, an Autopore II 9220 porosimeter manufactured by Micromeritics,
Georgia, USA, was used for testing. This porosimeter has a maximum pressure capacity
of 416 MPa. Depending on the contact angle between the mercury and the clay mineral,
the smallest pore diameters that can be measured by the porosimeter varied between
0.003 um to 0.004 pym. Therefore, pores with mean diameters smaller that these sizes
cannot be intruded.

Prior to testing, the specimens need to be dried. The effect of drying temperature
on PSD’s was discussed in Section 4.5.3. In general, drying leads to shrinkage, resulting
in decreased porosities. Results on drying shrinkage will be discussed in Chapter 5.

In a typical MIP test carried out in this study, pressures up to 416 MPa were
used. The use of high pressures can affect the accuracy of porosity measurements in two
ways. One, elements of the measurement system such as the mercury and the
penetrometer may deform under pressure, leading to inaccuracy in the volume
measurements of the mercury intruded into the pores. This factor was eliminated by
periodic calibrations of the porosimeter. Results from calibration tests were incorporated
in the data reduction. Two, high pressures caused compression of the soil structure,
leading to the reduction of pore volume. The effect of this factor is difficult to quantify
and was not incorporated in the data reduction.

Because of the influence of the factors discussed in this section, quantitative
measurements of PSD’s and total porosities in compacted clays are difficult. Therefore
information provided by mercury intrusion porosimetry is only qualitative. Often
scanning electron microscopy is used to provide supplementary information and to aid in
the interpretation of data on soil structure (Delage and Lefebvre, 1984; Lapierre et al.,
1990). In this study, a limited number of tests using scanning electron microscopy were
carried out. Equipment and specimen preparation procedures are described briefly in the

next section.
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4.6  Scanning electron microscopy

The use of scanning electron microscopy (SEM) to study soil structures is
described by Mitchell (1976). In this study, analyses were carried out using an Energy
Dispersive JOEL 6300V Spectrometer. Tests were carried out on sand-bentonite material
and sand-illite material to allow microscopic examination of the soil structures in the
compacted materials. Boom Clay was not tested due to a limited quantity of material for
testing.

The samples used for scanning electron microscopy were prepared and dried in
the same manner as the samples for mercury intrusion porosimetry. After drying, each
SEM sample was plated with a thin layer of gold to expel the electrical charges built up
during testing. The sample was then placed inside the spectrometer for examination. The
spectrometer projects electrons onto the sample, and measures back electron scatter and
secondary electrons emitted from the sample. The measured electron pattern is viewed
on a monitor to provide visual representation of the soil structure. The soil structure of
each sample is photographed at both low (12 X) and high (5000 X) magnifications.

Results from typical tests are presented in Chapter 7.
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CHAPTER S SUCTION TEST RESULTS

5.1 Backgrbund

The laboratory testing program carried out in this study was divided into three
parts: suction test series, triaxial test series, and mercury intrusion porosimetry studies.
This chapter presents the results from the suction test series. The objective of the
suction tests was to measure the suction properties of the three soil materials tested in
this study under ambient atmospheric pressure conditions. Relationships between
suction and other soil parameters including water content, degree of saturation and
temperature were examined. Results from the triaxial test series and the mercury
intrusion porosimetry studies will be discussed in Chapters 6 and 7 respectively.

Discussion and synthesis of data will be presented in Chapter 9.

5.2  Effects of water content and degree of saturation on total suction

The total suctions in the sand-bentonite material, sand-illite material, and Boom
Clay were measured by the psychrometer method, vapour equilibrium technique, and the
filter paper technique. For each soil, both uncompacted and compacted specimens were
used. Compacted specimens were formed at different degrees of saturation and dry
densities corresponding to 80% to 98% of the maximum dry density (see Tables 4.1 to
4.7).

It is customary to relate the suction in a soil to water content and degree of
saturation (Yong and Warkentin, 1975; Corey, 1986; Fredlund and Rahardjo, 1993;
Fredlund and Xing, 1994). Therefore, results are presented in terms of total suction S -
gravimetric water content w relationship; and total suction S - degree of saturation Sr

relationship. The gravimetric water content is the ratio of the mass of moisture and the
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mass of dry solids, expressed as percentage. Hereafter, unless otherwise stated, the term
‘water content’ will be used, for brevity, in place of gravimetric water content.

The S - w relationships at 25°C for sand-bentonite material, sand-illite material
and Boom Clay are shown on a semi-logarithmic scale in Figures 5.1 to 5.3. The S-S;
relationships for the respective soils are shown in Figures 5.4 to 5.6. Figures 5.1 to 5.3
summarize the data on both uncompacted and compacted specimens, whereas only data
on the compacted specimens are given in Figures 5.4 to 5.6. The compacted specimens
were formed to different dry densities and degrees of saturation given in Tables 4.1 to 4.7.

From Figures 5.1 to 5.3, it can be seen that the total suction in each soil decreases
with increasing w, and that the suction can be broadly related to a singular value of w.
This is consistent with general expectations (Krahn and Fredlund, 1972; Yong and
Warkentin, 1975; Hillel, 1980). For each soil, the S - w relationship is represented by a
bi-linear function as follows, with the suction in MPa expressed in the form log S = A -

Bw, (equations [5.1] to [5.6]).
Sand-bentonite material:
w=1to11 %, log S=2.729 - 0.142w R2=10.99 [5.1]

w=11to 25 %, log S =1.983 - 0.074w R2=0.91 [5.2]

Sand-illite material:

w=0to2 %, log S =2.647 - 0.892w R2=0.97 [5.3]
w=2to0 13 %, log S=1.415-0.175w R2=091 [5.4]
Boom Clay:

w=1to 8 %, log S=2.757-0.197w R?2=0.98 [5.5]
w=81t017 %, log S=1.710-0.073w R2=10.80 [5.6]
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It can be seen also from Figure 5.1 to 5.3 that for each of the three soil materials
tested in this study, the total suctions measured by the psychrometer method, vapour
equilibrium technique, and the filter paper technique generally lie within the 95%
confidence envelope of all the data. This therefore gives confidence to the use of
psychrometers to measure suctions in compacted clays. The lower suction values
measured in the sand-illite material by the filter paper method in the 5% to 7% water
content range (Figure 5.2) is thought to be attributed to the difficulty in the measurements
of water contents of the filter paper discs (see Section 4.3.3).

At a given water content, due to the presence of bentonite, the suction in the sand-
bentonite material is higher than that of the sand-illite material (compare Figure 5.1 and
5.2). However, it is interesting to note that the specimens of reconstituted Boom Clay
which contained a large quantity of quartz, exhibits a S - w relationship characteristic of
soils with high active clay contents such as the sand-bentonite material. The suction
properties of Boom Clay may be explained by consideration of the pore size distribution
and the size of the capillary pores within the soil structure which relates directly to the
matric component of the total suction. The Boom Clay material tested in this study had a
particle size distribution similar to those of the bentonite and the illite materials (see
Figure 4.2). It may therefore be assumed that the sizes of the capillary pores in the Boom
Clay specimens were similar to those in the sand-bentonite and sand-illite specimens. As
a result, suctions higher than would be normally be expected from non-swelling clays,
were measured in the Boom Clay specimens.

Figures 5.4 to 5.6 show the S -S; relationships for the sand-bentonite material,
sand-illite material, and Boom Clay respectively. The data in the figures show that while
the total suction tends to decrease with increasing saturation in the specimen, it cannot be
related to a singular value of S;. Figure 5.7 compares the total suctions in sand-bentonite

specimens formed to the same water content but with different degrees of saturation. The
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data in this figure confirm that the measured total suction is insensitive to the degree of
saturation of the specimen. This behaviour is inconsistent with the theoretical
relationships developed in the literature (for example, Yong and Warkentin, 1975;
Fredlund and Rahardjo, 1993). This apparent insensitivity of suction to Sy is related to
the complexities in the soil structures in the compacted materials. Related results were
obtained by Croney et al. (1958), Krahn (1970), Gray (1980) and Musa (1982). This

topic will be discussed further in Chapter 9.

5.3  Hysteresis

It was shown in Chapter 2 that the S - w relationship for a soil can be expected to
be not unique, and is affected, among other factors, by the paths followed by specimens
during testing. The S - w relationship determined by drying or desorption is different
from that by wetting or sorption (Hillel, 1980). This phenomenon is known as
hysteresis. In this study, the phenomenon of hysteresis was examined on the sand-
bentonite material using the multi-stage vapour equilibrium tests. Procedures used in
these tests were described in Section 4.3.2.2.

Figures 5.8 to 5.10 show the S - w relationship of three sand-bentonite specimens
formed to the same initial water content of 18%, but different dry densities
(uncompacted, 1.48 Mg/m3 and 1.74 Mg/m3). Each figure compares the S-w
relationships of a sand-bentonite specimen measured during drying and wetting phases.
The S - w relationship from single-stage tests on specimens formed to different initial
water contents are also included in each figure for comparison.

From Figures 5.8 to 5.10, it can be seen that the S - w relationship for the drying
phase differs from that for the wetting phase. Ata given water content, the total suction
in a specimen was higher during drying than wetting. These observations are consistent

with those on the behaviour of other soil types reported in the literature (for example,
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Yong and Warkentin, 1975; Gray, 1980; Musa, 1982). It can also be seen from the figures
that, in general, the S - w relationships for the drying phase are consistent in trend and
value with the S - w relationships determined from the single-stage test. The similarity
can be explained by the fact that specimens tested in the single-stage tests and the drying
phase of the multi-stage tests were subjected to the same test paths, that is, they lost
water during testing.

Furthermore, it may be inferred from the data in Figures 5.8 to 5.10 that the
difference in S between the wetting and drying paths is largely independent of the dry
density and degree of saturation of the specimen. Similar observations were made on
kaolinite materials (Musa, 1982). The observations made in this study and in the
literature may be taken to imply that total suctions in compacted clays are largely
controlled by the micropores within the peds that are part of the compacted soil

structure.

5.4  Osmotic suctions

The osmotic suctions S_ in the sand-bentonite material, sand-illite material and
Boom Clay were measured using the filter paper technique. Relationships between
osmotic suction and water content, and between suction and degree of saturations are
given in Figures 5.11 and 5.12 for the sand-bentonite material, Figures 5.13 and 5.14 for
the sand-illite material, and Figures 5.15 and 5.16 for Boom Clay. Total suction data for
each respective material are also included in these figures for comparison. The osmotic
suctions are approximately equal to the total suctions at high S, > 85% but significantly
lower, as expected, when S, < 50%.

From Figures 5.11 to 5.16, it can be seen that, in contrast to the total suction, the
osmotic suction in each of the soils appears to be independent of the water content or the

degree of saturation of the test specimen. It is noted that the scatter in the data are
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generally within the range of accuracy of the filter paper technique which is + 25% of the
total suction values (Ridley and Burland, 1994). The results from this study are
consistent with the observations made on other clay soils (Krahn and Fredlund, 1972).

Because of the presence of larger quantities of smectite minerals, the osmotic
suctions measured in the sand-bentonite material were higher than those in the sand-illite
material and Boom Clay. For the sand-bentonite material, the osmotic suction generally
varies between 0.5 MPa to 1.5 MPa for water contents of 10% to 24%, with an average
value of 0.8 MPa (see Figure 5.11). The measured osmotic suctions are consistent with
the range of swelling pressures measured in the same type of sand-bentonite material
tested by Dixon et al. (1986). This therefore supports the general hypothesis that the
swelling properties of sand-bentonite material are derived from osmotic potential
differences (Dixon et al., 1986; Graham et al., 1989).

Figures 5.13 and 5.14 summarize the data on the osmotic suction in the sand-illite
material. For the water content range of 5% to 13%, the osmotic suctions lie within a
narrow range of 0.2 MPa to 0.5 MPa, with an average of 0.3 MPa. The data for the
Boom Clay are given in Figures 5.15 and 5.16. It can be inferred from the data in the
figures that for water contents from 11% to 19%, the osmotic suction in Boom Clay also
varies generally within a narrow range of 0.2 MPa to 0.5 MPa, averaging at 0.3 MPa.

Based on the data from the filter paper tests, two conclusions can be drawn.
One, for the soils tested in this study, the osmotic suctions are generally insensitive to
changes in water content. Two, total suctions in these soils are dominated by the matric
component. It was shown in Section 5.4 that total suction is largely independent of dry
density and degree of saturation, and that it is likely that S is controlled largely by the
capillary pores at the microscopic scale. This may be taken to imply that matric suction

is controlled by the micropores.
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5.5 Temperature effect

Effects of temperature on suctions were examined in the vapour equilibrium tests
on all three soil materials and in the single-stage tests using the psychrometer method on
the sand-bentonite material. Total suctions measured at 10°C and 50°C in the vapour
equilibrium tests are shown in Figures 5.17 to 5.19. Qualitatively, it can be seen from the
data in the figures that, at a given water content, the total suctions in each soil tend to
decrease with increasing temperature. However the differences are not large.

The suctions in the sand-bentonite material measured at 10°C, 25°C and 50°C by
the psychrometer method are shown in Figures 5.7 and 5.20. The data in these figures
confirm the results from the vapour equilibrium tests, showing that the total suction at a
given water content decreases with increasing temperature. It may be inferred from the
data that the effect of temperature on total suction tends to be less at lower temperatures
(from 10°C to 25°C) than at higher temperatures (from 25°C to 50°C). It is noted in
Figure 5.20 that the suctions for w > 22% appear to be independent of the water content.
The suctions measured in this range of water contents are similar in value to the osmotic
suctions measured in the filter paper tests. The implication of this observation,
supported by saturation calculations, is that at w > 22 %, the micropores within the clay
structure are probably water-saturated and the total suction is dominated by the osmotic
component.

The influence of temperature on soil suction is commonly explained by
consideration of the temperature dependence of the surface tension of the air-water
meniscus in the capillary pores in the soil structure (Philip and de Vries, 1957). The
surface tension of water decreases with increasing temperature. For water, the

relationship between surface tension and temperature is given by,

o= 1.171 - 0.001516(T + 273.16) [5.7]
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where ot is surface tension (N/m) and T is temperature (°C) (Edlefsen and Anderson,
1943). The matric suction which is a component of the total suction is directly related to

the surface tension of the air-water interface as follows (Fredlund and Rahardjo, 1993),

Sy =— [5.8]

where Sp, is suction, o is surface tension, and d is radius of pore diameter. Hence, an

increase in temperature will lead to a decrease in suction.

Comparison between the measured suctions and the suctions predicted by the theory
is shown in Figure 5.7. Since all the tests were set up at the ambient temperature of
259C, the total suctions measured at this temperature were used as the reference suctions
for calculating the average pore diameters. For a given water content, the suctions at the
temperatures of 10°C and 50°C were calculated as follows.

1) The total suctions measured at 25°C were averaged to give the reference suction.
Applying Equations 5.7 and 5.8 and using the reference suction allowed
determination of the effective pore diameter, d.

2) Equation 5.7 was then used to calculate the surface tensions at 10°C and 50°C.

3) Applying equation 5.8, the suctions at 10°C and 50°C were computed using the
average diameter from step 1) and the surface tension values from step 2).

From Figure 5.7, it can be seen that the total suctions calculated from the theory
generally fit the experimental data at the lower temperature of 10°C. At the higher
temperature of 50°C, the theory under-predicts the influence of temperature on total
suction, That is, the predicted suction is higher than the measured suction. In general
therefore, the capillary model cannot adequately explain the effect of temperature on

suction. The difference in suction values may be attributed to several factors including
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thermal expansion of entrapped air and the effect of dissolved solutes on the surface
tension - temperature relation of the soil water (Peck, 1960; Constantz, 1983).

The discrepancy between measurement and theory may be explained by
consideration of the effect of temperature on the radius of curvature of the air-water
menisci between micropores. Consider the air-water menisci with an initial radius of
curvature formed between two curved, flaky clay particles oriented in a similar direction
(see Figure 5.21). Thermal expansion of the clay particles and swelling of the clay-water
structure reduce the spatial distance between the particles. Furthermore, the mobile free
water between the particles tends to increase in volume due to thermal expansion. Under
constant mass conditions, the combination of these phenomena causes the free water to
migrate towards the edges of the particle assembly, leading to an increase in the radius of
curvature of the air-water menisci. As a result, the matric suction decreases according to

the capillary equation (Hillel, 1980).

5.6  Shrinkage behaviour

Dry shrinkage of sand-bentonite material, sand-illite material, and Boom Clay
were examined using the data from the single-stage vapour equilibrium tests. Test
procedures have been described in Section 4.3.2. For each soil type, test specimens were
generally formed to a narrow range of water contents at different dry densities (see Tables
4.2 to 4.4). In each test, the specimen was allowed to dry inside a desiccator of constant
humidity controlled by sulphuric acid solution. At the end of the drying stage of the test,
the final dimensions of the specimen were measured. The total shrinkage is taken as the
difference between the initial and the final total volumes expressed as a percentage of the
final total volume. Results are summarized in Tables 4.2 to 4.4 and Figures 5.22 to 5.24.

Figures 5.22 to 5.24 show that for each material, the total shrinkage strain is

generally independent of the dry density and final water content of the specimen. Similar
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observations were made by Dixon et al. ( 1993). For the sand-bentonite material which
was prepared at initial water contents of 16.8% to 18.5%, the total shrinkage strain
generally varied between 5% to 7%, averaging at 5.5%. This range of shrinkage is
consistent with the shrinkage measurements carried out by Dixon et al. (1993).

The sand-illite material was prepared at initial water contents of 8.5% to 10.0%.
The total shrinkage strain generally lay between 0.5% to 2.5%, averaging at 1.2%.

Boom Clay was prepared at initial water contents of 14.8% to 17.7%. The total
shrinkage strain generally varied between 2.5% to 5.5%, with an average of 3.9%. The
larger shrinkage strains of 5.5% to 6.8% measured in the three driest specimens marked A
in Figure 5.24 (final w = 0.4 %) can be attributed to their higher initial water contents of
17.7%. Specimens of compacted clays prepared at higher water contents tend to
experience larger shrinkage strains (Dixon et al., 1993).

It is noted that for each soil type, soil materials were generally prepared to a
narrow range of water contents, and hence, they had similar peds (Wan et al., 1990). Test
specimens were formed by compacting soil materials in a rigid mould to different initial
dry densities. Hence the specimens had different macrostructures with different volumes
of inter-ped voids (see Figure 5.25). This study and others have shown that dry
shrinkage in compacted clays is a function of initial water content and is independent of
dry density and final water content. This may be taken to imply that shrinkage in
compacted clays is largely controlled by individual ped units which arise from the
moulding water content, rather than the macrostructure which is an artifact of specimen

preparation.
3.7  Discussion and summary

Suctions were measured in sand-bentonite material, sand-illite material, and Boom

Clay by the psychrometer method, vapour equilibrium technique and filter paper
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technique. For each of the three soil materials tested in this study, the total suctions
measured by the three methods generally lie within the 95% confidence envelope of all the
data. This therefore gives confidence to the use of psychrometers to measure suctions in
compacted clays under constant temperature, atmospheric pressure conditions.

The results show that total suction is influenced by factors including water
content, degree of saturation, temperature, mineralogy, and test path. For the soil types
tested in this study, total suction decreases with increasing water content and can be
broadly related to a singular value of gravimetric water content. The behaviour is
consistent with general expectations. Contrary to some views reported in the literature,
no simple relationship between total suction and degree of saturation could be established.

Osmotic suctions were measured in each soil using the filter paper technique. The
results show that the osmotic suction is largely independent of water content and degree
of saturation. Observations made in this study and reported in the literature led to the
conclusion that total suctions in compacted clays such as those tested in this study are
dominated by the matric component and are largely controlled by the micropores within
the soil structure.

The dependence of total suction on temperature was examined in tests using the
psychrometer method and the vapour equilibrium technique. At a constant water
content, an increase in temperature leads to small decreases in suction. For sand-
bentonite material, the theory under-predicts the effect of temperature on total suction at
temperatures higher than the ambient temperature of 25°C. The discrepancy is attributed
to several factors including thermal expansion of entrapped air, effect of dissolved solutes
on the surface tension-temperature relation of the soil water, and increase in the radius of
curvature of the air-water meniscus associated with thermal expansion and swelling of the

clay-water structure.
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Dry shrinkage behaviour of sand-bentonite material, sand-illite material, and Boom
Clay is a function of initial water content, and is independent of dry density and final
water content. Shrinkage in these compacted soils is thought to be largely controlled by
individual ped units, rather than the macrostructure which comprises of peds and inter-
ped voids.

Suction-water content relationships are used in the analysis of problems relating
to water movement in unsaturated soils (Thomas, 1992). Results from the suction test
series show that the trend of a S - w relationship can be influenced by the test method and
the stress paths followed by the specimen during testing. The implication is that, to
obtain appropriate S-w relationships for use in design calculations and analyses,
methods of measurement must be selected such that the stress paths experienced by the

test specimens are representative of those anticipated in the problem considered.
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CHAPTER 6 TRIAXIAL TEST RESULTS

6.1 Backgréund

In Chapter 5, it was postulated that suctions in compacted clays are largely
governed by the soil microstructure. Stress variations and the resulting deformations will
lead to changes in the soil particle arrangement and pore size distribution. Because of the
complexities associated with soil structure, it is unclear how these changes will affect
suction measurements made by psychrometers.

The primary objective of the triaxial testing program was to examine the effects of
total stresses and distortions on suction measurements using thermocouple
psychrometers in unsaturated sand-bentonite material. Three series of tests were carried
out. The first two series examined the effects of isotropic compression and shear
compression stresses on suctions measured by psychrometers. Nine isotropic
compression tests and four shear compression tests were carried out. In these tests, due
to limitations of the equipment, only changes in the total suction in the specimens during
testing were monitored, and volume changes were not measured. The third series of tests
was carried out to examine the relationship between volume change and stress in
unsaturated sand-bentonite materials. Six isotropic compression tests with volume

change measurements were carried out.

6.2  Descriptive parameters
To facilitate presentation and discussion of data in this chapter, the following

descriptive parameters are used.

Total suction: S=8n+8S,

Total suction is the sum of matric suction Sy, and osmotic suction S .
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Total stress: p* 3

Total stress is the numerical average of the axial (o;) and lateral (03) principal total
stresses on the specimen referenced to atmospheric pressure (p,), even though the
pore air pressure (u,) was not measured. In triaxial compression tests, the axial
stress is the major principal stress, and the lateral stress is the minor principal
stress. Compressive stresses are considered positive. It should be noted that this
total stress parameter is different from the mean total stress parameter (p)
commonly adopted in the study of unsaturated soil mechanics (Alonso et al.,
1990; Wheeler and Sivakumar, 1995; Delage and Graham, 1995). The latter

parameter is the numerical difference between p* and u,.

Deviator stress: q=0;-0;
Deviator stress is the numerical difference between the axial and lateral principal

total stresses on the specimen.

Axial Strain: €=AL/L,
Axial strain is the change in length of the specimen (AL) divided by the original
length (L,), expressed in percentage. As it is customary in soil mechanics,

compressive strains are positive and expansive strains are negative.

Volume Strain: & =€ t2¢&
Volume strain is the sum of the axial strain (g,) and lateral strain (&;) in the
specimen, and is defined as the ratio of volume change to initial volume of the
specimen, expressed in percentage. Compressive strains are taken as positive

whereas expansive strains are negative.
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6.3  Isotropic compression tests with suction measurements using

psychrometers

6.3.1 Background

Nine isotropic compression tests with suction measurements were carried out. Six
tests were carried out on specimens formed to initial dry densities of 1.41 Mg/m® to
1.45 Mg/m® at water contents of 17.3% to 22%. The remaining three tests were done on
specimens formed to initial dry densities of 1.64 Mg/m> to 1.66 Mg/m® at water contents
of 18.7% to 22.0%. All the tests were carried out under conditions of constant total
mass, and therefore constant water content. In each test, a calibrated psychrometer was
installed near the middle of the specimen to measure the total suctions in the specimen.
Because of limitation of the triaxial equipment used in these tests, volume changes were
not measured during the progress of the tests, net volume changes were obtained from the
dimensions of the specimens at the end of tests.

The results from the isotropic compression tests are presented in terms of S - p*
relationships in Figures 6.1 to 6.9. The initial and final dry densities and water contents
of all the specimens tested in this series have been summarized in Table 4.8. The
specimens tested in this series had different initial suctions, saturation, and densities; and
they generally followed different suction-stress paths during testing. To facilitate
discussion, results of each specimen will be presented independently in the following

section.

6.3.2 Results
The following pages represent a simple cataloguing of the conditions during the
tests. While this represents a rather repetitive presentation of data, it has been felt

important to list these conditions carefully since the data are rare, and therefore valuable.
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SB1780TX

The S - p* relationship of Specimen SB1780TX is shown in Figure 6.1. This
specimen was formed to an initial dry density of 1.41 Mg/m3 at 17.3% water content,
with an average degree of saturation of 50.9%. The initial average total suction measured
in the specimen prior to compression was 7830 kPa. The specimen was first
isotropically compressed, in successive total stress increments, to a maximum total cell
pressure of 3002 kPa. The specimen was then subjected to two unloading-reloading
cycles. It was first unloaded, in successive total stress decrements, to 1098 kPa, then
reloaded to 3017 kPa, and finally unloaded to 549 kPa.

Figure 6.1 shows that during first-time compression, the total suction tended to
decrease non-linearly with increasing total stress for the pressure range of 0 kPa to
3002 kPa. Upon unloading, the total suction tended to increase with decreasing total
stress. It can be observed from Figure 6.1 that the rate of suction increase during the
unloading phase is less than the rate of suction decrease during first-time compression.
At a given total stress, the total suction measured during the unloading phase was
consistently lower than that measured during first-time compression.

The paths of the S - p* relationships for the unloading and reloading phases are
generally similar. The similarity in the suction paths may be taken as an indication of the
existence of pre-yield elasticity in the unsaturated sand-bentonite material (Delage and
Graham, 1995).

It should be remembered from Chapter 5 that compacted clays such as the sand-
bentonite mixtures tested in this study have complex soil structures characterized by
aggregations of clay peds, intra- and inter-ped voids (see also Barden and Sides, 1970;
Wan et al., 1990). The difference in suction behaviour of Specimen SB1780TX during
loading, unloading, and reloading may be explained by consideration of corresponding

changes in the distribution of intra- and inter-ped voids within the specimen. It is
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hypothesized that changes in the intra- and inter-ped voids are brought about by the
different degrees of elasto-plastic volumetric straining of the individual clay peds and the
overall ped structure in the specimen during the two testing phases. The importance of
soil structure as a controlling factor on soil suction in compacted clays will be discussed
further in Chapter 9.

From measurements at the end of test, the net volume strain of the specimen was
compressive and found to be 14.9%. The final dry density and water content were
measured to be 1.66 Mg/m3 and 16.5% respectively, and the final average degree of
saturation was determined to be 71.2%. The final total suction at the end of testing,
under atmospheric pressure conditions, could not be measured because the psychrometer

had ceased functioning.

SB1880TX

The S - p* relationship of Specimen SB1880TX is shown in Figure 6.2. This
specimen was formed to an initial dry density of 1.45 Mg/m3 at 18.0 % water content,
with an average degree of saturation of 56.1%. The initial average total suction measured
in the specimen prior to compression was 4994 kPa. The specimen was isotropically
compressed, in successive total stress increments, to a maximum total cell pressure of
1132 kPa. From Figure 6.2, it can be seen that the total suction in the specimen tended to
decrease linearly with increasing total pressure for the pressure range from 0 kPa to
1132 kPa.

The test was aborted prematurely due to leakage through the latex membranes.
The net volume strain of the specimen was expansive and was measured to be -2.8%.
The final dry density and water content were 1.41 Mg/m3 and 21.4 % respectively, and

the final average degree of saturation was computed to be 63.5%.
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SB1980TX

The S - p* relationship of Specimen SB1980TX is shown in Figure 6.3. This
specimen was formed to an initial dry density of 1.40 Mg/m3 at 18.7% water content,
with an average degree of saturation of 54.4%. The initial average total suction measured
in the specimen prior to compression was 4150kPa. The specimen was first
isotropically compressed, in successive total stress increments, to a maximum total cell
pressure of 3105 kPa. The specimen was then unloaded, in successive total stress
decrements, to the atmospheric pressure.

The S - p* relationship of this specimen shown in Figure 6.3 is similar in pattern
to that of Specimen SB1780TX (see Figure 6.1). From Figure 6.3, it can be seen that
during first-time compression, the total suction in Specimen SB1980TX tended to
decrease non-linearly with increasing total stress. Upon unloading, the total suction
increased with decreasing total stress. The path of the unloading curve is different in
position from the first-time compression relationship. At a given total stress, the total
suction measured during unloading was consistently lower than that measured during
first-time compression. The final total suction at the end of testing was measured to be
4465 kPa.

After the test was completed, the net volume strain of the specimen was found to
be 15.8%. The final dry density and water content were 1.67 Mg/m3 and 18.0%

respectively, and the final average degree of saturation was determined to be 78.8%.

SB2080TX

The S - p* relationship of Specimen SB2080TX is shown in Figure 6.4. This
specimen was formed to an initial dry density of 1.41 Mg/m3 at 20.0% water content,
with an average degree of saturation of 58.5%. The initial average total suction measured

in the specimen prior to compression was 2982 kPa. The specimen was isotropically
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compressed, in successive total stress increments, to a maximum total pressure 3018 kPa.
From Figure 6:4, it can be seen that the total suction decreased non-linearly with
increasing total stress for the pressure range of 0 kPa to 3018 kPa. At the end of the
loading phase, the specimen was directly unloaded in one decrement to atmospheric
pressure. The final average total suction at the end of test was measured to be 2200 kPa.
The net volume strain of the specimen was found to be 18.8%. The final dry
density and water content were 1.74 Mg/m3 and 19.4% respectively, and the final average

degree of saturation was determined to be 94.8%.

SB2180TX

The S - p* relationship of Specimen SB2180TX is shown in Figure 6.5. This
specimen was formed to an initial dry density of 1.41 Mg/m3 at 21.1% water content,
with an average degree of saturation of 62.4%. The initial average total suction measured
in the specimen prior to compression was 3433 kPa. The specimen was subjected to
several loading-unloading-reloading cycles. It was first isotropically compressed, in
successive total stress increments, to a total cell pressure of 926 kPa, then unloaded to
atmospheric pressure, reloaded to 2038 kPa, unloaded to atmospheric pressure, reloaded
to 2953 kPa, and finally unloaded to atmospheric pressure.

From Figure 6.5, it can be seen that during first-time compression, both initially
and following the first unload/reload cycle, the total suction decreased non-linearly with
increasing total stress for the pressure range of 0 kPa to 2953 kPa. In general, the
following unloading and reloading curves are slightly nonlinear, and they follow different
paths from the first-time compression curve. At a given total stress, the total suction
measured during first-time compression was consistently higher than those measured
during unloading and reloading. For the first two unloading and reloading cycles, the

unloading and reloading curves in each cycle followed essentially the same paths. The
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similarity in the unloading and reloading suction paths observed in the same cycle may be
taken as an indication of the existence of pre-yield elasticity in unsaturated sand-bentonite
material (Delage and Graham, 1995). A similar observation was made on Specimen
SB1780TX reported earlier in this Section. It is interesting to note that the suction path
for the final unloading phase of Specimen SB2180TX followed essentially the same path
as the second cycle of unloading and reloading (Figure 6.5). The final total suction at the
end of testing was measured to be 3077 kPa.

The net volume strain of the specimen was found to be 15.7%. The final dry
density and water content were 1.69 Mg/m3 and 20.0% respectively, and the final average

degree of saturation was determined to 89.9%.

SB2280TX

The S - p* relationship of Specimen SB2280TX is shown in Figure 6.6. This
specimen was formed to an initial dry density of 1.40 Mg/m3 at 22.0% water content,
with an average degree of saturation of 64.4%. The initial average total suction measured
in the specimen prior to compression was 1896 kPa. The specimen was isotropically
compressed, in successive total stress increments, to a maximum total cell pressure of
900 kPa. From Figure 6.6, it can be seen that the total suction tended to decrease non-
linearly with increasing total stress for the pressure range of 0 kPa to 900 kPa. The final
total suction in the specimen was not measured.

The net volume strain of the specimen was found to be 10.1%. The final dry
density and water content were 1.57 Mg/m3 and 21.1% respectively, and the final average

degree of saturation was determined to be 78.9%.
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SBI895TX

The S - p* relationship of Specimen SB1895TX is shown in Figure 6.7. This
specimen was formed to an initial dry density of 1.66 Mg/m3 at 18.7 % water content,
with an average degree of saturation of 80.1%. The initial average total suction measured
in the specimen prior to compression was 4458 kPa. The specimen was subjected to
several loading-unloading-reloading cycles. It was first isotropically compressed, in
successive total stress increments, to a total cell pressure of 1344 kPa, then unloaded to
atmospheric pressure, reloaded to 2085 kPa, unloaded to atmospheric pressure, reloaded
to 3037 kPa, and finally unloaded to atmospheric pressure.

Consistent with other specimens tested in this series, during first-time
compression, the total suction in Specimen SB1895TX decreased with increasing total
stress (Figure 6.7). The S - p* relationships for the first unloading/reloading cycle
broadly coincide with the first-time compression curve.  However, the S -p*
relationships for the second unloading/reloading cycle and for the final unloading phase are
slightly nonlinear, and they follow a different path from the first-time compression curve.
The final average total suction at the end of testing was measured to be 4100 kPa.

The net volume strain of the specimen was measured to be 4.9%. The final dry
density and water content were 1.74 Mg/m3 and 18.3 % respectively. The final average

degree of saturation was determined to 90.2%.

SB1995TX

The S - p* relationship of Specimen SB1995TX is shown in Figure 6.8. This
specimen was formed to an initial dry density of 1.65 Mg/m3 at 20.0% water content,
with an average degree of saturation of 85.5%. The initial average total suction measured
in the specimen prior to compression was 4084 kPa. The specimen was first

isotropically compressed, in successive total stress increments, to a maximum total cell
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pressure of 2972 kPa. The specimen was then unloaded, in successive total stress
decrements, to atmospheric pressure. From Figure 6.8, it can be seen that during first-
time compression, the total suction in the specimen decreased with increasing total stress.
Conversely upon unloading, the total suction increased with decreasing total stress. The
unloading suction curve follows broadly the same path as the first-time compression
curve. The final total suction at the end of testing was measured to be 3905 kPa.

The net volume strain of the specimen was measured to be 2.4%. The final dry
density and water content were 1.69 Mg/m3 and 19.5% respectively, and the final degree

of saturation was determined to be 88.3%.

SB2295TX

The S - p* relationship of Specimen SB2295TX is shown in Figure 6.9. This
specimen was formed to an initial dry density of 1.64 Mg/m3 at 22.0% water content,
with an average degree of saturation of 91.5%. The initial average total suction measured
in the specimen prior to compression was 2444 kPa. The specimen was subjected to
several loading-unloading-reloading cycles. It was first isotropically compressed, in
successive total stress increments, to a total cell pressure of 990 kPa, then unloaded to
atmospheric pressure, reloaded to 2126 kPa, unloaded to atmospheric pressure, reloaded
to 2348 kPa, and finally unloaded to atmospheric pressure.

Figure 6.9 shows that during first time compression, the total suction in the
specimen decreased non-linearly with increasing total stress. The specimen was subjected
to two cycles of unloading and reloading. From Figure 6.9, it can be seen that within the
scatter of the data, the S - p* relationships for these two cycles follow broadly the same
path as the first-time compression curve. It is likely that the scatter in the data was
attributed to temperature variations during testing . It is noted that this specimen was

formed at a higher moulding water content of 22%. At this water content, the relative
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humidities in the pore space were high and were therefore sensitive to temperature
fluctuations.

It is interesting to note that during the last total stress increment from 2091 kPa to
2348 kPa, the total suction in the specimen decreased from 574 kPa to 0 kPa (Figure 6.9).
Upon final unloading, the total suction in the specimen remained at 0 kPa and did not
recover until the total pressure was decreased to less than 1475 kPa. The zero suctions
measured during the final unloading phase from 2348 kPa to 1475 kPa imply 100%
relative humidity in the soil and inside the ceramic chamber of the psychrometer. It is
likely that the high humidity was attributed to the combined effect of temperature
fluctuations and total stresses on the specimen. At pressures lower than 1500 kPa, the
suction curve for the final unloading phase followed a slightly different path from the
first-time compression curve, but the trends of the two curves are broadly similar. The
final total suction at the end of testing was measured to be 1320 kPa.

The net volume strain of the specimen was measured to be 3.6%. The final dry
density and water content were measured to be 1.71 Mg/m3, 20.8% respectively, and the

final average degree of saturation was determined to be 96.5%.

6.3.3 Total suctions measured under atmospheric pressure conditions

Table 6.1 compares the total suctions in 6 tests measured under atmosphere
pressure conditions prior to isotropic compression and at the end of each unloading
phase. It can be seen that in 4 of the 6 tests (SB1895TX, SB1980TX, SB1995TX,
SB2180TX) reported in the table, the total suction measured at the end of each unloading
phase was broadly similar to the initial suction. The percentage difference in suction was
generally 7% to 11%. This range of percentage differences is broadly similar in value to
the bounds of instrument accuracy of + 6% reported in Chapter 3. It was postulated in

Chapter 5 that suctions in compacted clays are governed by the soil microstructure. It
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may be inferred from the reversal of suction observed in these specvimens that the soil
microstructure experienced reversible elastic straining. This postulate will be discussed
further in Chapter 9.

For Specimens SB2080TX and SB2295TX, differences between the initial suction
and the suction measured at the end of the test (Table 6.1) exceed the accuracy of the
instruments. It is thought that the larger differences are attributed to two factors. One,
insufficient time was given to each specimen to equilibrate at the end of compression
before the final suction measurement was carried out. As a consequence, it is likely that
the specimens had not attained suction-water content equilibrium. Two, at the end of
compression, these two specimens had high average degrees of saturation of 95% and

97% respectively. Therefore, the pores in each specimen were probably water-saturated.

6.3.4 Summary

Nine triaxial isotropic compression tests were carried out to examine the effect of
isotropic total stress on suction measurements in unsaturated sand-bentonite material
using thermocouple psychrometers. The test specimens were formed at a range of initial
dry densities of 1.40 Mg/m® to 1.66 Mg/m® and water contents of 17.3% to 22.0%. A
calibrated thermocouple psychrometer was installed in the middle of each specimen to
measure changes in suction during testing. The specimen was isotropically compressed,
in successive total stress increments, to a maximum total stress of up to about 3020 kPa.
Several specimens were subjected to cycles of unloading and reloading.

The results from these tests show that under constant mass and water content
conditions, the total suction in the unsaturated material decreased with increasing total
stress. Inversely, the total suction in the unsaturated material increased with decreasing
total stress. In general, the suction-stress path followed by a specimen during first-time

compression was different from those observed during subsequent unloading/reloading
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cycles. The discrepancy reflects the different compression and expansion characteristics
of the soil macro- and micro-structures.

Final suctions were measured in several specimens at the end of test. These
suctions were broadly similar to the initial suctions in their respective specimens. It was
postulated that the reversal of suction was associated with reversible elastic strains in the

soil microstructure.

6.4  Shear compression tests with suction measurements using psychrometers

6.4.1 Background

Four shear compression tests were carried out in this study. In each test, a
calibrated psychrometer was installed near the centre of the specimen, and was used to
measure the total suction in the specimen during shearing. The specimens were formed to
similar initial dry densities of 1.40 Mg/m3 to 1.43 Mg/m3 at water contents of 18.1% to
19.0%. The average degree of saturation of these specimens varied within a narrow range
of 54.8% to 56.2%. One specimen (SB1880TS) was sheared with the confining pressure
in the cell remaining atmospheric. The other three specimens were first compressed
isotropically, under “undrained” constant mass conditions, to final confining pressures of
515 kPa, 1021 kPa, and 1494 kPa respectively, and then sheared. All four specimens
were sheared under strain-controlled, “undrained” constant mass conditions. The

procedures used in this test series were described in Chapter 4.

6.4.2 Testing program

SB1880TS1: This specimen was formed to an initial dry density of 1.42 Mg/m3 at

18.8% water content. The initial average total suction measured in the specimen
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prior to shearing was 5156 kPa. The specimen was sheared under atmospheric
pressure, at an average strain rate of 1.0 %/day. The test was terminated at an
axial strain of 5.6%. The final total suction at the end of shearing was measured to
be 5631 kPa.

SB1880TS2: This specimen was formed to an initial dry density of 1.40 Mg/m3 at
19.0% water content. The specimen was first isotropically compressed, in several
successive total stress increments, to a maximum total confining pressure of
1494 kPa (Figure 6.10). The initial total suction measured in the specimen prior
to shearing was 2045 kPa. The specimen was then sheared at an average strain
rate of 1.26 %/day. The test was terminated at an axial strain of 11.9%. The final
total suction at the end of shearing was measured to be 685 kPa. The final dry
density and water content were 1.64 Mg/m3 and 18.3% respectively.

SB1880TS3: This specimen was formed to an initial dry density of 1.41 Mg/m3 at
18.6% water content. The specimen was first isotropically compressed, in several
successive total stress increments, to a maximum total confining pressure of
515 kPa (Figure 6.10). The initial average total suction measured in the specimen
prior to shearing was 5208 kPa. The specimen was then sheared at an average
strain rate of 0.85 %/day. The test was terminated at an axial strain of 10.8%.
The final total suction at the end of shearing was measured to be 4348 kPa. The
final dry density and water content were 1.54 Mg/m3 and 17.3% respectively.

SB1880TS4: This specimen was formed to an initial dry density of 1.43 Mg/m3 at
18.1% water content. The specimen was first isotropically compressed, in several
successive total pressure increments, to a maximum total confining pressure of
1021 kPa (Figure 6.10). The initial average total suction measured in the specimen
prior to shearing was 3649 kPa. The specimen was then sheared at an average

strain rate of 0.65 %/day. The shearing was terminated at an axial strain of 13.1%.
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The final total suction at the end of shearing was measured to be 2382 kPa. The

final dry density and water content were 1.67 Mg/m3 and 17.3% respectively.

6.4.3 Stress-strain characteristics and total stress paths

The deviator stress q - axial strain €, relationships of the four unsaturated sand-
bentonite specimens are compared in Figure 6.11. It will be recalled from the Section
6.4.2 that the specimens were formed to similar initial dry densities of 1.40 Mg/m3 to
1.43 Mg/m3 at water contents of 18.1% to 19.0%. One specimen was sheared under
atmospheric confining pressure, while the other three specimens were isotropically
compressed in several pressure increments to 515 kPa, 1021 kPa, and 1494 kPa confining
pressure prior to shear.

Figure 6.11 shows that the shapes of the stress-strain curves are not related to
confining pressure level, and do not have the same patterns of behaviour that would be
seen in saturated soils. Specimen SB1880TS1 which was sheared under atmospheric
pressure, behaved in a strongly strain softening, dilative manner. The specimen attained a
maximum peak strength of 441 kPa at about 1.7% axial strain. Thereafter, the strength
rapidly decreased and reached a steady value of about 70 kPa. The test was terminated at
an axial strain of 5.6%.

Specimens SB1880TS2 was sheared under a total confining pressure of 1494 kPa.
This specimen reached an essentially constant shearing resistance. A peak deviator stress
of 1086 kPa was reached at an axial strain of 9.5%. Thereafter, the deviator stress
remained essentially constant with further straining. The test was terminated at an axial
strain of 10.9%.

Specimens SB1880TS3 and SB1880TS4 were sheared at intermediate total

confining pressures of 515 kPaand 1021 kPa respectively. Both specimens experienced

115



strain hardening behaviour in shear. Shearing of these specimens was terminated at axial
strains of 10.8% and 12.3% respectively.

Figure 6.12 summarizes the stress paths from the shear compression tests plotted
in terms of the stress parameters q and p*. As expected, the total stress paths are linear
and have the customary gradient of Aq/Ap* =3. For Specimen SB1880TS2 which was
sheared at the highest confining pressure of 1494 kPa, towards the end of the test, the
deviator stress appeared to remain essentially constant with increasing p* and €;. This
observation may be taken to imply that the specimen was approaching a state where

(Wood, 1990),

99 _dp*_ov_,

dgs  Oe 08

This may be close to a “critical state’ even though the value of p - u, was not measured.

6.4.4 Total suction responses

Figure 6.10 summarizes the total suction S - total stress p* relationships of the
specimens compressed to 515 kPa, 1021 kPa, and 1494 kPa respectively, measured
during the isotropic compression phases of the tests. Consistent with the behaviour of
the specimens reported in Section 6.3, the total suction in each of three specimens
decreased systematically with increasing total stress.

Results from the shearing phases of the tests are summarized in Figures 6.13 to
6.15. Generally, two types of suction response are observed in Figure 6.13. Specimen
SB1880TS1 which was sheared under atmospheric pressure showed strain-softening
behaviour in shear in Figure 6.11. Its total suction remained relatively constant with an
average of 5280 kPa for the first 2% of axial strains, and thereafter, tended to increase

with further straining.
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Specimens SB1880TS2, SB1880TS3, and SB1880TS4 showed constant or
increasing shearing resistance during shearing. They generally showed decreases in total
suction with straining (Figure 6.13). The total suction in Specimen SB1880TS2 decreased
steadily from 2000 kPa to 900 kPa within the first 5% of axial strains. With further
straining, the suction decreased gradually to a constant value approaching 700 kPa. For
Specimens SB1880TS3 and SB1880TS4, the total suction in each specimen appeared to
remain largely constant in the first 2% of axial strains. With further straining, the suction
in the specimen decreased systematically until the end of shear.

The relationships between deviator stress and suction, and between total stress
and suction are shown in Figures 6.14 and 6.15 respectively. For Specimen SB1880TS1
which was dilative in shear, the total suction in the specimen remained largely unaffected
by q and p* in the early stage of shearing (up to about 2%). After the specimen reached a
peak deviator stress of 441 kPa, the total suction in the specimen tended to increase with
decreasing q and p*, and with increasing axial strains.

Specimen SB1880TS2 was ductile in shear. The total suction in the specimen
tended to decrease with increasing q and p*. Towards the end of the shear test, S, q and
p* remained largely constant with further straining, as the specimen approached critical
state (Figures 6.14 and 6.15).

Specimens SB1880TS3 and SB1880TS4 were sheared at confining pressures of
515 kPa and 1021 kPa respectively. These two specimens strain-hardened in shear. It
may be inferred from the verticality of the initial part of the suction paths (up to
q = 400 kPa) in Figure 6.14 that the total suction in each specimen was largely insensitive
to the increase in q and p* during the early stages of the shear test. With further straining,

the total suction tended to decrease with increasing q and p*.
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6.4.5 Total suction response of Specimen SB1880TS4

In the first three tests of this test series (SB1880TS1, SB1880TS2, and
SB1880TS3), at the end of shearing, the specimens were quickly removed from the triaxial
apparatus for density and water content measurements. However, a slightly different
procedure was used in testing Specimen SB1880TS4. At the end of the shearing stage of
the triaxial test, the specimen was kept inside the triaxial cell for about 20 hours. During
this period, the total suction in the specimen was monitored.

Figure 6.16 compares the total suctions in Specimen SB1880TS4 at the different
stages of the triaxial test. The initial total suction of the specimen prior to isotropic
compression was measured to be 4897 kPa (point A in Figure 6.16). The specimen was
first isotropically compressed in several increments to a confining pressure of 1021 kPa.
As expected, the total suction decreased with increasing total pressure during
compression. At equilibrium, the total suction in the specimen was measured to be
3649 kPa (point B).

The specimen was then sheared under the influence of a cell pressure of 1021 kPa.
Immediately before the shearing machine was turned off; the total suction in the specimen
was measured to be 2382 kPa (point C). The shearing was then stopped. The
anisotropic loading was removed from the specimen by disconnecting the ram from the
top cap, while a nominal isotropic cell pressure of 1006 kPa was maintained on the
specimen. The specimen was then allowed to equilibrate at that pressure for about 6
hours. At the end of this dwell period, under a new isotropic loading condition, a slight
increase in suction was noted and the total suction was measured to be 2567 kPa
(point D).

The total cell pressure was then decreased to atmospheric pressure. The total
suctions in the deformed specimen were measured to be 4579 kPa at 2 hours (point E)

and 4270 kPa at 20 hours (point F) after the removal of the isotropic cell pressure. These
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final suctions measured under atmospheric pressures were broadly similar to the initial
suction of 4897 kPa prior to isotropic compression measured under similar atmospheric
pressure condition. Similar observations were also made on the isotropically compressed
specimens reported in Section 6.3.3. The similarity in suctions before and after testing
was thought to be associated with elastic (recoverable) behaviour of the soil

microstructure. This postulate will be discussed further in Chapter 9.

6.4.6 Summary

Four triaxial shear compression tests were carried out under constant mass and
water content conditions. The objective of these tests was to examine the effect of shear
stresses on suction measurements in unsaturated compacted sand-bentonite material using
thermocouple psychrometers. The specimens were formed to a narrow range of dry
densities of 1.40 Mg/m> to 1.43 Mg/m® at water contents of 18.1% to 19.0%. Prior to
shearing, the specimens were isotropically compressed to different confining pressures of
atmospheric pressure, 515 kPa, 1021 kPa, and 1494 kPa respectively. The results of
compression was that they all had different initial suctions and degrees of saturation at
the beginning of shear.

Because of their different initial conditions, the specimens behaved differently in
shear. Specimen SB1880TS1 tested with atmosphere confining pressure was dilative in
shear whereas Specimen SB1880TS2 sheared at the highest pressure of 1494 kPa was
essentially ductile. In contrast, Specimens SB1880TS3 and SB1880TS4 sheared at
intermediate pressures experienced strain-hardening behaviour. This is not the pattern
that would be observed in saturated soils. The total suctions in each specimen tended to
change with q and p* during shearing. It may be generally stated that for the dilative

Specimen SB1880TS1, the suction tended to increase with straining, whereas for the other
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specimens which were compressive in shear, the suctions in each specimen tended to
decrease with increasing q and p*.

Final suctions in Specimen SB1880TS4 were measured at the end of shearing.
Despite distortions in the specimen, the final suctions were broadly similar to the initial
suction measured under atmospheric pressure. It is postulated that the reversal of suction
was attributed to the elastic behaviour of the soil microstructure.

The observations from this limited number of shear tests are generally compatible
with the behaviour that would be predicted by an elastic-plastic conceptual model for the

shear and volume change behaviour of unsaturated sand-bentonite material.

6.5  Isotropic compression tests with volume change measurements

6.5.1 Background

It was pointed out in the beginning of this chapter that due to the limitation of the
triaxial equipment used in this study, volume change measurements were not carried out
in the first two series of triaxial tests. With the development of new volume change
equipment, it became possible to undertake a third series of triaxial tests to examine the
volume change - stress relationships of compacted sand-bentonite material. Information
from this third series of test has been used to assist the interpretation of the results from
the isotropic and shear compression tests with suction measurements using

psychrometers presented in Sections 6.3 and 6.4.
6.5.2 Testing program

Six tests were carried out in this test series. Four specimens were compacted to a

narrow range of initial dry densities of 1.40 Mg/m3 to 1.45 Mg/m3 at water contents of
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16.4%, 18.7%, 20.3%, and 28.5% respectively. Two specimens were compacted to an
initial dry density of 1.66 Mg/m3 at water contents of 18.7% and 19.3% respectively.
Results from these tests are given in Figures 6.17 to 6.24. The data are presented
in terms of volume strain €, - total stress p* relationships. The net volume strains of the
specimens are summarized in Table 4.8. The stress path used in each test, and the initial

and final conditions of the specimen are summarized as follows.

SB2180V1: This specimen was formed to an initial dry density of 1.45 Mg/m3 at
20.3% water content, with an average degree of saturation of 63.8%. The
specimen was subjected to several loading-unloading-reloading cycles, generally in
successive total stress increments or decrements (Figure 6.17). It was first
isotropically compressed to 1193 kPa, then unloaded to 503 kPa, reloaded to
1007 kPa, unloaded to atmospheric pressure, reloaded to 3137 kPa, and finally
unloaded to atmospheric pressure. The final dry density and water content were
1.67 Mg/m3 and 20.0% respectively. The final average degree of saturation was
determined to be 87.9%.

SB1995V2:  This specimen was formed to an initial dry density of 1.66 Mg/m3 at
19.3% water content, with an average degree of saturation of 83.2%. The
specimen was first isotropically compressed, in successive total stress increments,
to a maximum total cell pressure of 3050 kPa (Figure 6.18). The specimen was
then unloaded, in successive total stress decrements, to atmospheric pressure.
The final dry density and water content were 1.72Mg/m3 and 19.5%
respectively. The final average degree of saturation was determined to be 92.7%.

SB1680V3: This specimen was formed to an initial dry density of 1.40 Mg/m3 at
16.0% water content, with an average degree of saturation of 47.4%. The

specimen was first isotropically compressed, in successive total stress increments,
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to a maximum total cell pressure of 3023 kPa (Figure 6.19). The specimen was
then unloaded, in successive total stress decrements, to atmospheric pressure.
The final dry density and water content were 1.63 Mg/m3 and 17.0%
respectively. The final average degree of saturation was determined to be 74.2%.
SB1880V4:  This specimen was formed to an initial dry density of 1.40 Mg/m3 at
18.6% water content, with an average degree of saturation of 54.2%. The
specimen was first isotropically compressed, in successive total stress increments,
to a maximum total cell pressure of 3075 kPa (Figure 6.20). The specimen was
then unloaded, in successive total stress decrements, to atmospheric pressure.
The final dry density and water content were 1.66 Mg/m3 and 18.7%
respectively. The final average degree of saturation was determined to be 81.2%.
SB1895V5:  This specimen was formed to an initial dry density of 1.66 Mg/m3 at
18.7% water content, with an average degree of saturation of 80.1%. The
specimen was first isotropically compressed, in successive total stress increments,
to a maximum total cell pressure of 3054 kPa (Figure 6.21). The specimen was
then unloaded, in successive total stress decrements, to atmospheric pressure.
The final dry density and water content were 1.72Mg/m3 and 18.4%
respectively. The final average degree of saturation was determined to be 86.5%.
SB3080V6:  This specimen was formed to an initial dry density of 1.42 Mg/m3 at
28.5% water content, with an average degree of saturation of 85%. The specimen
was first isotropically compressed, in successive total stress increments, to a
maximum total cell pressure of 3068 kPa (Figure 6.22). The specimen was then
unloaded, in successive total stress decrements, to atmospheric pressure. The
final dry density and water content were 1.50 Mg/m3 and 28.8% respectively.

The final average degree of saturation was determined to be 97%.
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6.5.3 Results

To facilitate discussion, the results from this test series are presented in two
sections. Section 6.5.3.1 summarizes the results of Specimens SB2180V1, SB1680V3,
SB1880V4, and SB3080V6, which were formed to initial dry densities of 1.41 Mg/m3 to
1.43 Mg/m’. Results of Specimens SB1995V2 and SB1895V5 are given in Section

6.5.3.2. These two specimens were formed to higher dry densities of 1.66 Mg/m?>.

6.5.3.1 Specimens SB2180V1, SB1680V3, SB1880V4, and SB3080V6

The €, - p* relationships of Specimens SB2180V1, SB1680V3, SB1880V4, and
SB3080V6 were shown in Figures 6.17, 6.19, 6.20, and 6.22 respectively. The figures
show that the €, - p* relationship for each specimen is hysteretic, and may be broadly
divided into two parts: a first-time compression curve and an unloading curve. The
difference between the loading and unloading paths may be attributable to the different
compression and expansion behaviour of the macrostructure and microstructure that
comprise the unsaturated compacted soil material. In general, the compression and
expansion behaviour of unsaturated compacted sand-bentonite material are consistent
with the observations made on natural soils and other compacted soils (Lambe and
Whitman, 1969; Musa, 1982; Fredlund and Rahardjo, 1993). Specimen SB3080V6 was
formed at a higher water content of 28.2% with an initial degree of saturation of 85%. It
can be seen from the data in Figure 6.22 that the specimen became practically
incompressible at pressures higher than 800 kPa. Figures 6.23 compares the €, - p*
relationships of SB1680V3, SB1880V4, and SB2180V1 during first-time compression.
From the figure, it can be seen that the first-time compression curves for these three
specimens are broadly similar in value and approximately linear for pressures up to
1800 kPa. At total pressures above 1800 kPa, the compressibility of the specimens

tended to decrease non-linearly with increasing pressure and with initial water content.
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Specimen SB2180V1 which was formed at a higher water content of 21% became less
compressible than the drier Specimens SB1880V4 and SB1680V 3.

Specimen SB1680V3 was subjected to several cycles of unloading and reloading
(see Figure 6.17). As expected, the specimen tended to expand with decreasing total
stress. The unloading and reloading curves essentially followed the same path, and were
different from the first-time compression curve. These observations of the stress-strain
paths may again be taken to imply elastic-plastic behaviour of the unsaturated material.
This postulate will be discussed further in Chapter 9.

The final unloading curves of Specimens SB1680V3, SB1880V4, SB2180V1, and
SB3080V6 are shown in Figures 6.19, 6.20, 6.17, 6.22 respectively. The behaviour of
Specimens SB1680V3, SB1880V4, and SB2180V1 were broadly similar. Generally, each
specimen expanded with an expansive volume strain up to -1.5% when the total pressure
decreased from the maximum testing pressure to about 100 kPa. When the pressure
continued to decrease to atmospheric pressure, larger expansive volume strains up to
-10% were recorded. In contrast, Specimen SB3080V6 behaved somewhat differently
during unloading. This specimen was formed to a higher water content of 28.2%. This
specimen became practically incompressible at pressures higher than 800 kPa (see
Figure 6.22), suggesting that it may have become essentially saturated during the
application of the cell pressure. During unloading, the volume of the specimen remained
essentially constant as the pressure decreased from 3068 kPa to 800 kPa. As the
pressure decreased below 800 kPa, the specimen tended to compress slightly with
decreasing pressure. This unusual compression behaviour during unloading may be
attributed to the possible increase in the effective stress in the soil structure due to the
development of negative pore water pressures caused by the unloading process.
Eventually, as the pressure decreased to atmospheric pressure, the specimen expanded

with an expansive volume strain of -3.5%.
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The final net volume strains of SB1680V3, SB1880V4 and SB2180V1 were
compressive, and were measured to be 17.6%, 15.8%, and 13:1% respectively. In

contrast, Specimen SB3080V6 had a smaller compressive net volume strain of 6.0%.

6.5.3.2 Specimens SB1895V5S and SB1995V2

The €, - p* relationships of Specimens SB1895VS5 and SB1995V2 for first-time
compression are compared in Figure 6.24. These two specimens were compacted to
higher initial dry densities of 1.66 Mg/m®. From the figure, it can be seen that Specimen
SB1895V5 which was formed to a lower water content of 18% was less compressible
during first time compression than Specimen SB1995V2. This is not the pattern that was
observed in the low density specimens (see Figure 6.23). It is likely that the difference in
the compression behaviour between the low density and high density specimens was
attributed to the different soil structures in the two types of specimens. It is noted that
the latter factor is influenced by the initial moulding water content and pressures used in
the compaction process.

Consistent with the behaviour observed on the low density specimens, it can be
seen from Figures 6.18 and 6.21 that Specimens SB1895V5 and SB1995V2 expanded
during unloading. The expansive volume strains were generally small, up to -1%, as the
total pressure decreased from the maximum testing pressure in each respective test to
about 100 kPa. As the total pressure continued to decrease to atmospheric pressure,
larger expansive volume strains were measured: -3.6% for Specimen SB1895V5 and
-10.0% for Specimen SB1995V2.

The final net volume strains of Specimen SB1895V5 and SB1995V2 specimens
were compressive, and were measured to be 3.0% and 3.1% respectively. These volume
strains were less than those experienced by the lower demsity specimens reported in

Section 6.5.3.1.
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6.5.4 Summary

This section has presented results from six triaxial compression tests with volume
change measurements. Four specimens were compacted to a narrow range of initial dry
densities of 1.40 Mg/m3 to 1.45 Mg/m3 at water contents of 16.4%, 18.7%, 20.3%, and
28.5% respectivély. Two specimens were compacted to an initial dry density of
1.66 Mg/m3 at water contents of 18.7% and 19.3% respectively.

The results presented in this section show that the volume change behaviour of
unsaturated compacted sand-bentonite material investigated in this study was hysteretic
under load-unload cycling. Consistent with observations made on natural soils and other
compacted soils, the unsaturated sand-bentonite material was more compressible during
first-time compression than during subsequent unloading/reloading cycles. It is
postulated here that the different stress-strain paths followed by the unsaturated material
during the loading and unloading phases reflect elasto-plasticity in the soil macro- and
micro-structures within the compacted material. This postulate will be examined further

in Chapter 9.
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CHAPTER 7 MERCURY INTRUSION POROSIMETRY STUDIES

7.1  Background

It was hypothesized in Chapter 5 that the suction properties of the sand-
bentonite material, sand-illite material and Boom Clay tested in this study are controlled
by the soil microstructures. Chapter 6 presented results from triaxial compression tests
on unsaturated sand-bentonite material with suction measurements using thermocouple
psychrometers. It was postulated that the effects of stress variation and deformation on
suction can be explained by consideration of the capillary phenomenon which is related to
the soil fabric and associated voids in the unsaturated material. To provide the
background information necessary for the interpretation of results from the suction tests
and the triaxial tests, series of tests using mercury intrusion porosimetry (MIP) were
carried out. The objective of these MIP tests was to measure and compare the pore size
distributions (PSD) of the sand-bentonite material, sand-illite material and Boom Clay
tested in this study. This chapter presents the results from these tests.

The pore size distributions are presented in terms of incremental intrusion -
diameter relationships and cumulative intrusion - diameter relationships. It is noted that
the spatial distribution of pores within a specimen cannot be determined from these
relationships. The incremental intrusion - diameter relationship provides information on
the total volume of pores per unit mass of dry soil at a given pore diameter. This type of
relationship allows better assessment of the soil fabric and voids in a specimen (Garcia-
Bengochea et al., 1979). The cumulative intrusion - diameter relationship gives the total
volume of pores per unit mass of dry soil for a given range of pore diameters. In this
chapter, results will be discussed mainly based on incremental intrusion - diameter

relationships.
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7.2  Relation between clay mineralogy and pore size distribution

Figure 7.1 compares the pore size distributions of typical specimens of the sand-
bentonite material, sand-illite material, and Boom Clay during the intrusion stage. The
sand-bentonite and sand-illite specimens were formed to 95% maximum dry density at
their respective optimum water contents. In contrast, the Boom Clay specimen was
compacted to 90% maximum dry density. The dry density and water content at
compaction were 1.67 Mg/m3 and 17.6% for the sand-bentonite material, 2.08 Mg/m3 and
9.0% for the sand-illite material, and 1.81 Mg/m3 and 16.8% for Boom Clay.

From Figure 7.1a, it can be seen that the incremental intruded pore volume -
diameter relationships of the three specimens are different in shape. The Boom Clay
specimen showed a singular distribution with a distinct peak at about 0.06 pm. The pore
diameters of this specimen generally fell between 0.004 pm to 0.4 um. In contrast, the
pore size distributions of the compacted sand-illite and sand-bentonite specimens were
multi-modal. The sand-illite specimen displayed two distinct modes: a large- and small-
pore modes, whereas the sand-bentonite specimen had three distinct modes: large-,
intermediate- and small-pore modes. Similar observations on multi-modal PSD’s are made
on other compacted sand-clay materials (Garcia-Bengochea et al., 1979).

To aid the interpretation of results from the MIP studies, the soil structure of a
limited number of sand-illite and sand bentonite specimens were examined using scanning
electron microscopy (SEM). Boom Clay was not tested using SEM because only a
limited quantity of material was available for testing. Equipment and procedures used in
the SEM analyses were described in Section 4.6. Photo micrographs of typical specimens
of sand-illite and sand-bentonite materials are shown in Figure 7.2. It can be seen from
the observations in the figure that the sand particles in these specimens were not in direct

contact with each other. Therefore it can be concluded that the pore size distributions in
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the sand-clay materials tested in this study reflected largely the pore structures in the clay
phase of the soil.

For the sand-illite specimen, the large pore mode occurred at the pore diameter
range of 50 pm to 150 um, whereas the small pore mode generally lay within 0.04 pm and
0.2 um (Figure 7.1a). The range of pore diameters in the small pore mode was generally
one order of magnitude larger than the thickness of an individual illite particle with a
typical thickness of 0.005 pm to 0.03 um (Yong and Warkentin, 1975; Mitchell, 1976;
Hillel, 1980). It may be interpreted from this observation that the small pore mode
represents inter-domain pores, that is, pores between groups of parallel clay particles.
The bimodal pore size distribution observed in the sand-illite material tested in this study
is consistent with the observations made on other non-swelling sand-clay materials
(Garcia-Bengochea et al., 1979; Juang and Holtz , 1986).

The sand-bentonite specimen had a trimodal distribution (Figure 7.1a). The three
distinct modes occurred at pore diameters of about 20 ym, 2um, and 0.01 pm
respectively. Both the large and small pore modes of the sand-bentonite material were
generally one order of magnitude smaller than the respective pore modes of the sand-illite
material (Figure 7.1a). The pore diameters represented by the small pore mode measured
in this specimen generally varied from 0.007 um to 0.025 um. These pore diameters were
similar in size to the range of thickness of bentonite particles which is generally accepted
to be 0.001 um to 0.01 um (Yong and Warkentin, 1975; Mitchell, 1976; Hillel, 1980).
From the observations on this specimen and other sand-bentonite specimens tested in this
study, it may be interpreted that the small pore mode represents the pores at the
microscopic particle level.

For both the sand-bentonite and sand-illite specimens, the large pore modes are
interpreted as inter-ped pores. A ped is a conglomeration of clay particles, domains, and

clusters (see Section 2.3.2). These interpretations are supported by observations from
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photo micrographs. Figure 7.3 shows the soil structures in typical specimens of
compacted sand-bentonite and compacted sand-illite materials. For the sand-bentonite
material, the soil structure consists mainly of peds (marked P) with interconnecting voids
(marked V). The inter-ped voids are generally larger than 10 pm in size. This size range
corresponds to the large pore mode in the pore size distribution. Similarly, the soil
structure in the sand-illite specimen is dominated by peds. The inter-ped voids are
interconnected and are generally larger than 10 um in size. These voids are interpreted as
the large pore mode in the pore size distribution. It should be noted that due to the
limitation of the scanning electron microscope used in this study, features less than 1um
in size could not be examined quantitatively. Therefore, measurements of soil fabric and
associated voids using scanning electron microscopy are restricted only to sizes larger

than 1 pm.

7.3  Relation between compaction variables and pore size distribution

In this section, the relations between compaction variables (that is, dry density
and water content) and pore size distribution in compacted clays are examined. The
discussion is based on the results from tests on the sand-bentonite and sand-illite
materials used in this study, and the data on an illitic clay reported by Gelmich (1994). It
should be noted that the illitic clay used by Gelmich (1994) was mineralogically identical
to the clay component of the sand-illite material tested in this study.

The relationships between dry density and PSD are first examined. Data for sand-
bentonite material, sand-illite material and illitic clay are presented in Figures 7.4 to 7.7.
In each figure, the pore size distributions of specimens formed to the same initial water
content but different dry densities are compared. The following general observations are

made.
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One, for a given water content, the small pore mode remained virtually unchanged
irrespective of the dry density of the specimen. Consistent with the data in Figure 7.1,
the small pore mode occurred at about 0.01 um for the sand-bentonite material (Figures
7.4 and 7.5), 0.1 um for the sand-illite material (Figure 7.6), and 0.15 pm for the illitic
clay (Figure 7.7).

Two, the areas under the large and intermediate pore modes tended to decrease
with increasing dry density. This observation may be taken to imply that specimens
formed at high densities have less volume of inter-ped pores.

Three, it may be inferred from the data in Figures 7.4b and 7.5b that the
uncompacted sand-bentonite specimens had lower total porosities than the compacted
specimens formed at dry densities of 1.41 M/m3. Conversely, for the sand-illite material,
the uncompacted specimen had the lowest total porosity, compared to the compacted
specimens (Figure 7.6b). The smaller pore volumes measured in the uncompacted
specimens can be explained by consideration of the testing procedures used in specimen
preparation and in the mercury intrusion porosimetry testing. It has been discussed in
Section 7.3 that the soil structure in a compacted clay consists of clay peds with
interconnected pores. In an uncompacted material, peds tend to exist as individual units.
Compaction leads to interactions between individual peds, creating inter-ped voids. The
size and distribution of these voids depend largely on the compaction method and forces
used in specimen preparation. In a mercury intrusion porosimetry test, the setting-up
involves first placing adequate quantity of soil material into the chamber of the
penetrometer, followed by the flooding of the chamber with mercury (Figure 7.8). For an
uncompacted material, inter-ped voids would be readily filled with mercury (Figure 7.8a).
Hence only the intra-ped voids would be intruded during testing. However, low
compaction efforts cause peds to bridge over one another, thereby creating additional

voids. These inter-ped voids specimen would not be filled during setting-up, and would
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become part of the measurable pore structure in the material (Figure 7.8b). The practical
implication of the observations in Figures 7.4 to 7.7 is that the large and intermediate pore
modes are functions of specimen preparation. The soil structure represented by these
two pore modes can be influenced and altered by external forces and processes.

The effect of water content on pore size distribution is examined in Figures 7.9 to
7.11. In each figure, the pore size distributions of specimens formed to the same dry
density but different water contents are compared. Figures 7.9 and 7.10 present the data
for the sand-bentonite material. The data for illitic clay are compared in Figure 7.11.

From Figures 7.9 and 7.10, it can be seen that for the narrow range of water
content from 17.6% to 20.3% used in this study, the pore size distribution of compacted
sand-bentonite material was largely unaffected by water content. However, the "wetter"
specimens generally showed larger volume of inter-ped pores than the "dryer" specimens.
This is inferred from the difference in the total porosities determined from the cumulative
intrusion - diameter relationships (Figure 7.9b and 7.10b).

Figure 7.11 compares the pore size distributions of four illitic clay specimens
formed to the same initial dry densities of 2.04 Mg/m3 at different water contents of 10%
to 13%. It may be inferred from the data in Figure 7.11 that, with increasing water
content, the area under the large pore mode of the PSD decreased while the area under the
small pore mode increased. Furthermore, with increasing water content, the large mode
pore tended to shift to smaller diameters. At higher water contents, the clay particles
were better hydrated, and they tended to form larger and more deformable peds consisting
of clay domains, clusters, and intra-ped voids. In general, the data in Figure 7.11 show
that increasing water content led to an increase in intra-ped pores, accompanied by a
decrease in the inter-ped pores.

Broadly, it can also be seen in Figure 7.11 that the PSD’s of the specimens formed

at the optimum water content of 12% and at the wet-of-optimum water content of 13%
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are broadly similar. That is, the soil structures were similar. Similarities in soil structures
in specimens formed at and wet-of-optimum water contents have been observed in other

non-swelling clay materials (Garcia-Bengochea et al., 1979; Juang and Holtz, 1986).

7.4  Comparison in pore size distributions between pure clay specimens and

sand-clay specimens

The pore size distributions of a sand-bentonite material, natural bentonite, sodium
bentonite, and calcium bentonite are compared in Figure 7.12. The sand-bentonite
specimen was prepared from a sand-bentonite-water mixture, and was compacted to a dry
density of 1.67 Mg/m3 at 17.6% water content. This dry density corresponds to a clay
dry density yc of 1.22 Mg/m3. The clay dry density is defined as the mass of clay
divided by the total volume of clay and voids (Sun, 1986). The natural bentonite had the
same mineralogical composition as the clay component in the sand-bentonite specimen
(Quigley, 1984). Because of its small size and irregular shape, the density of the natural
bentonite specimen was not measured. Based on the data reported by Oscarson et al.
(1990), it was assumed that the natural bentonite specimen had a clay dry density of
1.2 Mg/m3. The water content of the bentonite specimen prior to MIP testing was
measured to be 5.4%. The sodium bentonite specimen was prepared from dry sodium
bentonite powder and compacted to a dry density of 1.3 Mg/m? (Choi and Oscarson,
1996). The compacted specimen was then allowed to saturate in a NaCl solution
(100 mol/m3) under low hydraulic head, constant volume conditions for about two weeks.
Similar procedures using calcium bentonite powder and CaCly solution (50 mol/m3) were
used to prepare the calcium bentonite specimen.

From Figure 7.12, it can be seen that the sand-bentonite specimen has a trimodal

pore size distribution, compared to a bimodal distribution for the calcium bentonite
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specimen and singular distributions for the sodium bentonite and natural bentonite
specimens. The differences in the shape of the pore size distribution of the four
bentonite materials may be attributed to two factors. One, the procedures used in
specimen preparation were different. Two, the sand particles in the sand-bentonite
material influence the soil structure during material and specimen preparation, resulting in
multi-modal PSD in the material. It is postulated that the sand particles provided the
nuclei for the hydrated clay particles, domains, and peds to coalesce to form larger peds.
Lower water contents and the presence of peds gave rise to the development of intra- and
inter-ped pores. This postulate is based on limited data and requires further investigation.

Referring again to the data in Figure 7.12, the range of pores represented by fhe
small pore mode in the pore size distribution appeared to be largely independent of the
sand content and the type of bentonite. All four bentonite materials showed a peak at a
pore diameter of 0.01 um to 0.02 um. Based on this observation and on the results
reported in Sections 7.2 and 7.3, it may be concluded that the location of the small pore
mode in the PSD qualitatively reflects the basic clay minerals in the soil (Garcia-
Bengochea et al., 1979).

The data in Figure 7.12 also show that the area under the small pore mode differed
between bentonites. It may be inferred from this observation that the natural bentonite
specimen had a larger volume of intra-ped voids than the sand-bentonite specimens and
the bentonite specimens. The difference in intra-ped voids may be explained by
consideration of the availability of moisture for the hydration of the clay particles during
specimen formation. The sand-bentonite specimen was formed from a moist sand-clay
mixture and had a dry density of 1.67 Mg/m3 at 17.6%. At this density, the theoretical
maximum water content is 23%. Therefore, the sand-bentonite specimen was in a state of
moisture deficiency. That is, not all the clay particles were hydrated. Therefore the

specimen tended to have lower volume of intra-ped voids.

134



Low hydraulic gradients were used to saturate the sodium and calcium bentonite
specimens in a confined apparatus. Given the short duration of two weeks used for
saturation, it is likely that this method of preparation was not effective in producing fully
saturated specimens. It may be assumed that the sodium and calcium bentonite
specimens were also in the state of moisture deficiency.

The natural bentonite was an intact specimen from the field. Natural bentonitic
clays in North America generally derived from geochemical alteration of volcanic ash
deposited into shallow marine basins (Dixon et al, 1992b). By considering the
environment in which this natural specimen was formed, it is reasonable to assume that
the natural bentonite specimen was fully saturated in the field. It is likely that the higher
field water content in the natural bentonite led to better hydration of the clay particles,
giving rise to a larger volume of intra-ped voids.

The data in Figure 7.12 show that the natural bentonite and the sand-bentonite
material contafn the same bentonite clay minerals, and have similar micropores as reflected
by the range of pores represented by the small pore mode in the PSD’s. Therefore
suctions which are controlled largely by the micropores, are similar in both materials.
However, the areas under the respective small pore modes in the PSD’s are different,
indicative of different water contents. That means the same suction may exist at different
water contents. That is, albeit they have the same clay mineralogy, the soils have
different suction-water content relationships. This latter observation has practical
implications on the use of psychrometers to measure in situ water contents in compacted
clays. Knowledge of changes in the water content of soil is a subject of interest in
problems of heave and settlement, and heat and moisture flow in unsaturated soils
(Fredlund and Rahardjo, 1993; ‘Thomas and He, 1995). Psychrometers measure soil
suctions, which in turn can be converted to water contents using a suction-water content

relationship (Silvestri, 1994). To obtain accurate water content values, the appropriate
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suction-water content relationship of the soil needs to be established and used for the

conversion.

7.5  Effect of saturation on pore size distributions in compacted clays

Transport processes in compact soils such as moisture flow, radionuclide
migration, gas transport, and microbial activities are influenced by soil fabrics and
associated voids (Mitchell, 1976; Pusch et al., 1989; Pusch et al., 1990; Stroes-Gascoyne
and West, 1994; Choi and Oscarson, 1996). In particular, it has been shown that water
permeability of a compacted soil can be correlated with the large pore mode in the pore
size distribution (Garcia-Bengochea et al., 1979; Juang and Holtz, 1986). It is commonly
understood that moisture and air movement in a soil generally lead to changes in the
effective stress and pore pressures in the soil (Matayas and Radhakrishna, 1968;
Fredlund and Rahardjo, 1993). Stress variations are often accompanied by volume change
and deformation of the soil structure in processes such as swelling and consolidation.
Changes in the soil structure in turn influence the transport properties of the soil. In this
section, the effect of water saturation on the PSD's of compacted clays is examined.

Figure 7.13 compares the PSD's of two sand-bentonite specimens which were
formed to different saturations prior to drying for MIP testing. One specimen was
formed to an initial dry density of 1.67 Mg/m3 at 17.6% water content, with a initial
degree of saturation of 85%. This specimen was dried in an oven at 110°C immediately
after formation. The other specimen had an initial dry density of 1.68 Mg/m3 at 14.9%
water content. It was saturated in a permeability apparatus under low hydraulic gradients
(Dixon, personal communication). The final water content of the specimen was measured
to be 27.4 %. This specimen was also dried in an oven at 110°C prior to MIP testing.

Form Figure 7.13b, it can be seen that the total intrusion of 0.1179 ml/g of the

"saturated" specimen was less than the total intrusion of 0.1888 ml/g of the "unsaturated"

136



specimen. Both specimens showed similar small pore modes. This observations may be
taken to imply that the intra-ped pore structures were unaffected by the saturation
process. However, water saturation affected the large pore mode. Comparing with the
"unsaturated" specimen, the "saturated" specimen showed a broader and "depressed"
large pore mode, and its intermediate pore mode was almost eliminated by the saturation
process.

Based on the limited data presented in this section, it may be tentatively
concluded that the saturation process largely influences the inter-ped pores in compacted
clays. The observation has practical implications. Water permeabilities and other
transport properties of compacts clays are largely governed by inter-ped pores (Garcia-
Bengochea et al., 1979; Juang and Holtz, 1986; Kirkham, 1995). It is tentatively
suggested that changes in the pore size distribution at the inter-ped level can affect
moisture and gas flow, and other transport phenomena in a compacted clay. However,
the data are limited and do not lead to a firm conclusion. To clarify the effect of
saturation on PSD's and transport properties in compacted clays, further tests are

recommended.

7.6  Effects of isotropic and shear compression stresses on pore size distribution

This section examines the effects of isotropic compression stress and shear stress
on pore size distribution in unsaturated sand-bentonite material. The results from the
isotropic compression and shear tests were presented in Chapter 6.

Figure 7.14 compares the pore size distributions of four specimens tested in
isotropic compression. These specimens were formed to similar initial dry densities of
1.40 Mg/m3 to 1.45 Mg/m3 at water contents of 16.4% to 28.5%. They were then
isotropically compressed up to a maximum confining total stress of 3100 kPa. The PSD

of an intact specimen with a dry density of 1.41 Mg/m3 and 17.6% water content was
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also included in Figure 7.14 for comparison. In Figure 7.15, the PSD's of two specimens
formed at initial dry densities of 1.66 Mg/m3 at 18.7% and 19.3% water contents
respectively are compared. These two specimens were also isotropically compressed up
to a maximum confining total stress of 3050 kPa. The PSD of an intact specimen with a
dry density of 1.67 Mg/m3 at 17.6% was also included in Figure 7.15 for comparison.

From Figures 7.14 and 7.15, it can be seen that the small pore mode appeared to
be unaffected by the isotropic compression stresses. However, the compressed
specimens had smaller intermediate and large modes than the intact specimens. It appears
that an increase in total stress on a compacted clay leads to a decrease in inter-ped pores
in the soil.

Figure 7.16 compares the PSD's of four sand-bentonite specimens which were
tested in shear tests. These specimens were formed to similar initial dry densities of
1.40 Mg/m3 to 1.43 Mg/m3 at water content of 18.1% to 19.0%. Each specimen was
then isotropically compressed to a different confining pressure of 0kPa, 515 kPa,
1021 kPa, or 1494 kPa, and sheared under constant mass conditions. The PSD of an
intact specimen with a dry density of 1.67 Mg/m3 at 17.6% was also included in
Figure 7.16 for comparison. Similar to the observations on the isotropically compressed
specimens seen in Figures 7.14 and 7.15, the small pore modes in the sheared specimens
appeared to be unaffected by the isotropic compression and shear stresses. However, the
areas under the large and intermediate pore modes tended to decrease with increasing total
and shear stresses. In particular, it may be inferred from Figure 7.16 that the inter-ped
pores in the specimen tested at 1494 kPa was almost completely eliminated by shearing,
as indicated by the broad and depressed shape of the large pore mode.

It was discussed in Section 7.5 that the transport properties of a compacted clay
are influenced by the large pbre mode (that is, inter-ped pores). Results presented in this

section (7.6) showed that the large pore mode is affected by mechanical processes such as
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compression and shearing. Based on the data presented in this section, it may be
concluded that among other factors, the transport properties of a compacted clay can be
influenced by stress variations and deformations. The latter factors in turn depend on
boundary and loading conditions, and other external and mechanical forces.

The implications of stress-induced changes in soil structures on suction

measurements using psychrometers will be discussed in detail in the Chapter 9.

7.7  Comparison between measured and theoretical porosities
The measured and theoretical porosities of compacted specimens of the soils
tested in the MIP studies are compared in Figure 7.17. Expressions used to determine the

measured porosity n and theoretical porosity n, are given as follows.

Measured porosity:

e = Total Intrusion x Gc x yw [7.1]
n=—0 [7.2]
l+e

Theoretical porosity:

er = Ge X yw 1 (73]
Ye
nr = —— [7.4]
l1+er

where e is the measured porosity, e, is the theoretical porosity, G, is the specific gravity
of the clay phase, vy is the clay dry density, and vy is the density of water. It was

pointed out in Section 7.2.that mercury intrusion took place in the clay phase of the soil
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being tested. Therefore, the clay dry density was used in the calculations, and a specific
gravity of 2.75 was assumed for all the soils.

Two observations can be made from the data in Figure 7.17. One, the measured
porosities in compacted illite-based materials were consistently lower than the theoretical
porosities. Furthermore, the measured values appeared to be largely independent of the
clay dry density, varying generally between 0.20 and 0.25. Hence, the lower the clay dry
density of the specimen, the larger the difference between the measured and theoretical
porosities. Two, the measured porosities in the bentonite-based materials were also
consistently lower than the theoretical porosities, by a factor of up to 2. The
discrepancy between the measured and theoretical porosities is likely attributed to several
factors which include occluded or isolated voids, pressure capacity of the mercury
porosimeter, specimen disturbance due to drying, and specimen disturbance during testing

(see Section 4.5.6).

7.8  Summary

Mercury intrusion porosimetry tests were carried out to examine the fabric and
pore structures in the sand-bentonite material, sand-illite material, and Boom Clay used in
this study. Occluded air, porosimeter capacity, and specimen disturbance during drying
and testing were identified as potential factors in contributing to the inaccuracy of total
porosity measurements in these soils. Because of the influence of these factors,
information provided by mercury intrusion porosimetry is only qualitative.

Based on the data presented in this chapter, it can be concluded that the soils used
in this study had complex soil structures characterized by conglomerations of clay
particles, peds, and voids. These soils had a wide range of pore diameters with bi-modal
or tri-modal pore size distribution curves. In general, the pores in these soils may be

broadly classified into two main groups. Intra-ped pores are microscopic pores inside
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macroscopic peds comprising of clay particles, domains, and clusters. These pores are
depicted by the small pore mode in the incremental intrusion - diameter relationship. The
small pore mode appears to be uniquely related to the clay mineralogy. Inter-ped pores
are macroscopic pores between clay peds. These pores are represented by the large pore
mode. External boundary and mechanical forces affect the large pore mode. The
implication of the latter observation is that a change in the inter-ped pores may lead to
changes in the transport properties of a compacted clay. The implications of stress-
induced changes in soil structures on suction measurements using psychrometers will be
discussed in detail in Chapter 9.

Comparison of the PSD’s of natural bentonite and sand-bentonite material show
that while the soils have the same bentonite minerals, their respective suction-water
content relationships may be different. To obtain accurate water content values using
psychrometers, the appropriate suction-water content relationship of the soil needs to be

established and used for converting suctions to water contents.
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CHAPTER 8 BUFFER/CONTAINER EXPERIMENT

8.1 Background

It was stated in Chapter 2 that one of the objectives of this study was to
investigate the usefulness of thermocouple psychrometers to measure in situ suctions and
water contents in unsaturated compacted soils under the influence of temperature
gradients. This chapter presents results from an in situ experiment called the
Buffer/Container Experiment that was carried out to examine the performance of an
unsaturated compacted sand-bentonite material when used as an engineered barrier for the
isolation and disposal of heat generating radioactive waste. In the experiment, the author
was responsible for developing the psychrometer technology that was used to track
changes in suction and water content in the unsaturated material under the influence of
temperature and hydraulic gradients. Discussion of the results in relation to the

usefulness and limitations of psychrometers as moisture sensors is given in Chapter 9.

8.2  Canadian Nuclear Fuel Waste Management Program

Atomic Energy of Canada Limited (AECL) is investigating the feasibility of
underground disposal of heat generating nuclear fuel waste in granite plutons in the
Canadian Shield (AECL, 1994). In the borehole emplacement concept, immobilized waste
would be placed in corrosion-resistant containers. These containers would be deposited
in boreholes drilled into the floor of rooms in an underground repository located 500 m to
1000 m below ground surface. A sand-bentonite material, known as buffer, would
separate the waste container and the host rock. The purpose of the buffer is twofold: to
provide structural support to the waste container, and to minimize the release of
radionuclides from any breached containers to the biosphere. As a contribution to

assessing the borehole emplacement concept, a field scale experiment known as the
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Buffer/Container Experiment was carried out at AECL's Underground Research
Laboratory (URL), a research facility constructed in a granite pluton near Lac du Bonnet

in Manitoba.

8.3  Buffer/Container Experiment

An objective of the Buffer/Container Experiment was to examine the processes of
heat and moisture flow in unsaturated buffer under imposed thermal gradients. Figure 8.1
shows a schematic of the Buffer/Container Experiment. The experiment was carried out
in a test hole drilled into the floor of a room excavated 240 m beneath the ground surface
at AECL's URL. The test-hole was 1.24 m in diameter and 5 m deep. Sand-bentonite
buffer was compacted in situ into the hole to an average dry density of 1.73 Mg/m3, at a
water content of 18% and an average degree of saturation of 85%. An electrical heater
2.25 m long and 0.64 m in diameter, was buried in the buffer on the vertical axis of the
borehole to provide the heat source. The heater has similar dimensions to the containers
being proposed for the disposal of Canada's nuclear fuel waste.

Construction of the experiment began in May 1991. Some 500 geotechnical
instruments were installed, where appropriate, in the buffer, the host rock and the heater
to measure changes in temperature, total and pore pressures, suction and water content

(Kjartanson and Keil, 1992). The heater was turned on in November 1991 and provided
heat at a constant rate. During the first three weeks of heating, the heater output was
maintained at 1000 W. Thereafter the power to the heater was increased to 1200 W and
maintained at that value for the following two and a half years. More details of the
general aspects of the layout, operation, and results of the experiment are presented by

Graham et al. (1996).
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84  Moisture sensor measurement scheme

To assess moisture distributions during the experiment, commercial moisture
sensors were installed in strategic locations within the buffer mass. The water contents in
the buffer were measured indirectly using commercially available thermocouple
psychrometers and thermal needles. The rationale for the selection of these two types of
sensors was discussed by Wan et al. (1992). The moisture sensors were read and
recorded using computer based data acquisition systems.

Seventeen psychrometers were installed in the buffer close to the borehole wall
where moisture increase was anticipated (Figure 8.2). The instruments were Type
PCT-55 manufactured by Wescor Inc. in Logan, Utah, USA. They are the same type of
instruments used in the laboratory testing program described in Chapters 4 to 6 of this
thesis. The performance and accuracy of the Wescor Type PCT-55 thermocouple
psychrometers were discussed in Chapter 3. Slight modifications were done to the
psychrometers used in the field experiment. To ensure durability of the instrument, each
psychrometer was structurally modified by replacing its vinyl boot with a heat shrink
wrapping material and by fitting flexible temperature-resistant tubing over the cable lead
(Figure 8.3). The scheme for instrument calibration developed by the author and
described in Chapter 3 of this document was used to pre-calibrate the instruments used in
the Buffer/Container Experiment.

Twenty one thermal needles were used to measure thermal conductivities in the
buffer at selected times during the test. The thermal conductivities were converted to
water contents using laboratory defined thermal conductivity-water content relationships
(Figure 8.4). The thermal needles were installed in buffer close to the heater where
moisture depletion was anticipated (Figure 8.2). The thermal needles were manufactured
by Geotherm Inc., Newmarket, Ontario, Canada. Each instrument was 3 mm in diameter,

100 mm long. The instrument is essentially a sealed 304 grade stainless steel tube
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containing a high-precision thermistor and a miniature electrical heater. The operation of
the instrument is based on the transient probe theory (Blackwell, 1954). The instrument
is assumed to be infinitely long and remote from boundaries and other heat sources. It
evaluates thermal éonductivity from a measured relationship between temperature and

time during a constant-power heating pulse lasting several minutes.

8.5  General observations

To provide background information for the discussion of results from the
psychrometers used in the Buffer/Container Experiment, this section presents an
overview of the general observations in the experiment. It has been shown here through
Chapters 1 to 7 that temperature and pressure can influence psychrometer output and
hence data interpretation. Thus, particularly, emphasis is given to temperatures and total
pressures developed in the unsaturated sand-bentonite buffer during the isothermal and
heating phases of the Buffer/Container experiment. A more complete review and

synthesis of the results of the experiment are given by Graham et al. (1996).

8.5.1 Temperatures

Some 110 thermocouples and 10 thermistors were installed in the unsaturated
buffer, the heater, and the host rock to measure temporal and spatial variations in
temperature during the course of the experiment. During the installation phase of the
experiment before heating, the ambient air temperature in the room above the experiment
generally varied between 15°C and 18°C. The rock temperatures were lower, varying
from 12°C to 15°C. The difference in temperature between the air and the rock gave rise
to a gradient of 0.5°C/m in the first 5m of the rock and away from the floor of the test

room.
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The heater was powered on November 20, 1991. This event is denoted as elapsed
time = 0 in all the data presented subsequently. The power to the heater was initially
maintained at 1000 W. Figure 8.5 shows the evolution of temperature on the heater
surface and in the buffer at the mid-height level of the heater. At the onset of the heating
phase, the temperature in the system increased rapidly. After about two weeks of
heating, the average temperature on the surface of the heater levelled off at about 68°C.
The power to the heater was then increased to 1200 W and was maintained at that power
for about two and a half years. It can be seen from Figure 8.5 that, in response to the
change in power, the temperatures in the system increased quickly in the first 6 weeks.
Thereafter, the temperature increase slowed to a steady rate of about 0.05°C/day. At the
end of the experiment, the nominal temperature at the heater surface was measured to be
86°C.

The evolution of temperatures within the sand, buffer and backfill along the
centreline of the experiment is shown in Figure 8.6. Temporal variations in temperature
in the sand and buffer at the mid-height level of the heater are shown in Figure 8.7. From
Figures 8.6 and 8.7, it can be seen that temperature gradients quickly developed within
the first week of heating. Thereafter, the gradients within the system remained generally
stable with time unless the power to the heater was changes. Figures 8.6 and 8.7 show
that temperature gradients were about 370°C/m in the silica sand layer surrounding the
heater. Temperature gradients of up to 100°C/m were measured in the 25 cm thick buffer

annulus and in regions immediately above and below the heater.

8.5.2 Total pressures
The total pressures in the Buffer/Container Experiment were measured by thirteen
Geonor vibrating wire type total pressure cells and five Roctest pneumatic pressure cells.

The Geonor cells were installed at the buffer/rock interface to measure horizontal total
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pressures exerted by the unsaturated buffer on the rock. The vertical pressures were
measured by Roctest pneumatic pressure cells embedded within the unsaturated material
and one Geonor cell mounted flush with the rock at the bottom of the test hole. The
results are presented in Figures 8.8 to 8.16. It should be noted that, for clarity, the
vertical scales in Figures 8.8 to 8.13 are different.

Figures 8.8 to 8.11 show the total pressure responses of four paired Geonor cells
located above and below the heater, and at the mid-height of the heater. The difference in
response between paired cells at the same elevation is attributed to minor difference in the
compaction procedures and to local variations in the porosities of the rock (Graham et al.,
1996). The latter factor influenced the supply of moisture, and hence the development of
pressure in the buffer that was originally unsaturated. Figures 8.12 and 8.13 show the
total pressure responses within the buffer measured by the Roctest load cells. Figures
8.14 to 8.16 show the total pressure distributions along the buffer/rock interface and

within the buffer at different times of the experiment.

8.5.2.1 Observations before heater activation

The buffer was placed in situ by compacting sand-bentonite material in 50-mm
lifts, to a target dry density of 1.73 Mg/m? (Kjartanson et al., 1992). Locked-in stresses
of up to 300 kPa were measured along the buffer rock interface and within the buffer
(Figures 8.8 to 8.16). From Figures 8.14 and 8.15, it can be seen that the locked-in
stresses are generally higher along the length of the heater in the middle portion of the
experiment. It is noted that the psychrometers were installed in vertical cavities drilled
into the buffer at the end of each compaction interval. It was assumed that the locked-in
stresses in the compacted material had no effect on the initial suction measurements from

the psychrometers.
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A cavity measuring 0.74 m in diameter and 2.66 m long was created within the
buffer mass to house the heater. The cavity was formed by compacting sand-bentonite
material in the annular space between a collapsible steel liner and the wall of the test hole.
For the celis located in this buffer annulus region, pressures decreases were noted when
the collapsible liner was removed (see Figure 8.10, at minus 120 days).

During the pre-heating, installation, phase of the experiments (prior to Day 0),
generally, all the Geonor cells located around and below the heater (such as BG7, BGS,
BG11, BG12, and BG13), and all the Roctest test cells (BR1 to BRS5) registered increases
in total pressure with time (Figures 8.10 to 8.13). The rate of increase in total pressure
ranged from about 10 to 70 kPa/month. It can be inferred from the gradual pressure
increases that moisture was being taken up from the rock by the unsaturated buffer.

The pressure distributions immediately before heater activation are shown in
Figures 8.14 to 8.16. The total pressures along the buffer/rock interface and within the
buffer generally lay between 50 kPa and 350 kPa These pressures were consistently-
lower than the maximum swelling pressure of 0.8 MPa to 1.5 MPa measured in saturated
specimens from laboratory tests (Dixon et al., 1987).

In general, at the start of the heating phase, the net increases in total pressure with
respect to the initial locked-in stresses were small, compared with the swelling pressures
in fully saturated material. Values up to 143 kPa were measured at the buffer/rock
interface; values up to 137 kPa were measured within the buffer. It was assumed that the
changes in total stress during the installation phase had no effect on the suction
measurements from psychrometers.

The following conclusions are drawn from the observations made of pressure
changes during the pre-heating phase of experiment.  First, immediately after
emplacement, the unsaturated buffer began to take on moisture from the surrounding rock.

Second, the buffer had not reached pressure-water content equilibrium prior to the
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activation of the heater. Third, net increases in total pressure along the buffer/rock
interface and within the buffer, with respect to the initial locked-in stresses, were small

and were assumed to have no effect on the suction measurements from psychrometers.

8.5.2.2 Observations after heater activation

All the cells responded to activation of the heater. Cells which were located in
regions above and below the heater (BG1 to BG4, BG11 to BG13, BR1 to BR3) generally
showed a rapid increase in total pressure in the first 100 days (Figures 8.8, 8.9, 8.11, and
8.12). Thereafter the total pressures continued to increase, but at a slower rate.

Cells that were around and beside the heater (such as BG7, BG8, BR4 and BRY),
all showed strong increases in total pressure at the activation of the heater (Figures 8.10
and 8.13). However, these rapid pressure increases were transient. Generally, after 1
month of heating, the total pressure had decreased quite sharply, and thereafter changes
took place more slowly. Four of the eight cells (such as BR4 and BRS5) showed
systematic pressure increase with time. However, the other four cells (such as BG7 and
BG8) which were located beside the heater in the upper region of the buffer annulus
showed total decrease with time.

Figures 8.14 and 8.15 show the horizontal total pressures distributions measured
by the Geonor cells at the buffer/rock interface at three days after heater activation and at
the end of the test. Figure 8.16 shows the five day and end-of-test data for vertical total
pressures from the Roctest pressure cells. It can be inferred from these data that total
pressures tended to increase with time in regions above and below the heater, whereas
pressures in the annulus region beside the heater tended to decrease with time. Variations
in total pressure in unsaturated swelling soils such as the sand-bentonite buffer arise from
changes in interparticle pressures, pore water pressures and pore air pressures in the

unsaturated materials. Changes in the latter pressure components in turn can be linked to
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changes in water content and density (Kanno and Wakamatsu, 1992). Therefore,
observations made in Figures 8.14 and 8.15 may be taken to suggest that changes in water
content and density were occurring within the buffer material during the heating phase of

the experiment.

8.6  Psychrometer responses

Seventeen thermocouple psychrometers were installed in the Buffer/Container
Experiment to measure vapour pressures and hence suctions in the unsaturated buffer.
Estimates of gravimetric water contents were obtained by simple conversion of measured
suctions using the suction-water content relationships described in Chapter 5 (Figure 5.1).
During the 3 years they were installed, thirteen of the seventeen instruments remained
operational. Results from these psychrometers are shown in Figures 8.17 to 8.24. The
figures are arranged in sequence from the top of the experiment to the bottom. Results
from closely positioned psychrometers or diametrically opposite psychrometers have
been plotted together to facilitate discussion. Figures 8.17 to 8.20 present the data in
terms of suction-time relationships whereas the water content-time relationships are given

in Figures 8.21 to 8.24.

8.6.1 Observations before heater activation
Suction measurements were carried out immediately after the psychrometers were
installed. The initial suctions in the unsaturated buffer generally lay between 3200 kPa to
3700 kPa (Figures 8.17 to 8.20). Using the calibration in Figure 5.1, this range of suction
corresponds to water contents of 18.2% to 18.8% (Figures 8.21 to 8.24). Therefore the
measured water contents were close to the initial target water content of 17.8%.
Installation of the buffer, backfill, instrumentation, and the restraint system took

place between June and November 1991. During this pre-heating installation period, the
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psychrometers show gradual suction decreases, and, hence, water content increases (see
Figures 8.17 to-8.24). In general, the suctions in the buffer just before heater activation
varied between 2800 kPa to 3400 kPa, which corresponds to water contents of 18.6% to
19.2%. This range of water content was less than the saturation water content of 22.5%,
if no volume changes were experienced. Therefore, the buffer was not at water content or
suction equilibrium before heater activation. This observation confirmed the total
pressure measurements immediately at the start of the heating phase (Section 8.5.2.1).
The lack of saturation in the Buffer/Container Experiment led to the subsequent
construction of the Isothermal Test in the URL (without a heater). This test is still in
progress at the time of writing.

The Isothermal Test examines how the buffer and rock mass will eventually move
towards equilibrium potentials without the added complexity of the heating that was a
central feature of the Buffer/Container Experiment (Chandler et al., 1996). In this test,
twenty four psychrometers are being used to measure suctions and to indicate moisture
movement in the unsaturated buffer. Responses from the instruments used in the
Isothermal Test (Chandler, 1993 and 1994) are broadly similar to those of the instruments
used in the Buffer/Container Experiment. Combining with those from the installation
(pre-heating) phase of the Buffer/Container Experiment, the results of the Isothermal Test
add confidence to the continuing use of thermocouple psychrometers as moisture sensors

in bentonite-based buffer materials under virtually constant temperature conditions.

8.6.2 Observations after heater activation

The heating phase of the Buffer/Container Experiment began on 20 November
1991. Responses from the psychrometers are also shown in Figures 8.17 to 8.24. In
general, all the psychrometers reacted quickly to the activation of the heater.

Psychrometers BX1, BX3, and BX5 which were remote from the heater (Figure 8.17 and
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Figure 8.21), generally showed suction decreases of up to 500 kPa in the first 50 days of
heating. Thereafter, the suctions continued to decrease with time but at slower rates.
“Steps” in the suction-time and water content-time relationships are observed at about
200 to 350 days. Thereafter, suctions in the buffer tended to decrease gradually with
time. Towards the end of the experiment, the three psychrometers showed virtually
similar suctions of 850 kPa to 1000 kPa and water contents of 22.0% to 22.5%. It
appeared that the steps observed in these instruments were unique to this instruments
group. It is postulated that these steps are associated with changes in total stress. This
postulate will be discussed in Chapter 9. It should be pointed out that the perturbations
at about 340 days were associated with operator-controlled adjustment of the excitation
to the instruments.

Psychrometers BX6 and BX7 (Figures 8.18 and 8.22) were located above and
close to the heater. Both instruments showed suction decreases of about 1500 kPa and
apparent water content increase of about 2% in the first 50 days of heating. Thereafter
the suctions decreased gradually with time. Despite the difference in their initial suctions,
the psychrometers showed virtually the same suctions of about 1100 kPa to 1200 kPa,
and water contents of 21.5% to 22.0% towards the end of the experiment.

Psychrometers BX8, BX10, BX12 and BX13 were installed next to the heater
within the buffer annulus region (Figures 8.19 and 8.23). In general, these psychrometers
reacted strongly to the activation of the heater. Psychrometer BX8 located beside the top
of the heater showed a significant suction decrease of 3000 kPa and an apparent water
content increase of 5% in the first 50 days of heating. The two middle instruments
(BX10 and BX12) also showed large suction decreases of up to 2500 kPa and apparent
water content increases of up to 4% during the first 150 days of heating. After the initial
suction decreases, all three of these psychrometers showed slow and gradual suction

increases with time. Hence, it can be suggested that moisture in the buffer annulus region
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was moving away from the heater and the buffer was drying. This was later confirmed by
water content ‘measurements carried out at the end of the test (see Section 8.8).
Psychrometer BX13 was located just below the mid-height of the heater. Initially the
instrument showed a large suction decrease of about 1000 kPa in the first 100 days of
heater. The suction continued to decrease gradually up to Day 600, but thereafter
increased gradually until the end of the experiment.

Psychrometers BX14, BX15, BX16, and BX17 were located below the heater
(Figures 8.20 and 8.24). At the onset of the heating phase, three of the four
psychrometers (BX14, BX15, and BX17) experienced short term transient perturbations
in the first 20 days of heating, and showed suction increases. In particular, BX14 showed
a very large suction increase of about 1300 kPa. It is likely that these perturbations were
associated with localized transient vapour pressure variations caused by steep
temperature gradients near the bottom of the heater (see Figure 8.6). In contrast to the
other three psychrometers, BX16 showed a moderate suction decrease of about 500 kPa
in the first 50 days of heating. In general, all four psychrometers showed systematic
suction decreases and apparent water content increases with time. By the end of the
‘experiment, BX16 and BX17 which were below the heater, were reading lower suctions of
1200 kPa and 900 kPa and higher water contents of 21.5% and 22.5%, respectively. It
was encouraging to see that despite the difference in their initial readings, the diametrically
paired psychrometers BX14 and BX15 were reading almost the same suctions of about
2000 kPa and water contents of 20.5% by the end of the experiment. This was reassuring

with regard to the continuing, long term accuracy and precision of the instruments.
8.7  Responses of thermal needles

To facilitate later discussion and comparison with psychrometer data, this section

presents responses from the thermal needles. It was pointed out in Section 8.2 that the
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thermal needles measure the thermal conductivity of the unsaturated buffer, which is a
function of water content. Results from laboratory tests (Figure 8.4) show that the
thermal conductivity of unsaturated sand-bentonite material tends to vary with water
content for w = 3% to 17%, but remains essentially constant at w> 17%. Therefore,
thermal needles were installed only in buffer close to the heater where moisture depletion
was anticipated. Figures 8.25 and 8.26 show the results of typical thermal needles
located above and below the heater, and in the buffer annulus beside the heater. It should
be noted that because of problems associated with drying shrinkage and corrosion of the
instruments, data from the thermal needles were not available after Day 500.

Unlike the psychrometers, the thermal needles did not show a high level of
consistency at the time of placement. From the thermal needle data, the initial water
contents were interpreted to be significantly higher than the as-placed water content of
17.8%; values between 21% to 25% were derived. The inconsistency is due to the
insensitivity of thermal conductivity to water content at w > 17% (see Figure 8.4).

In general, all the thermal needles showed little change in thermal conductivity
during the pre-heating installation phase and in the first 50 days of the heating phase of
the experiment. The water contents in the buffer in which the instruments were located,
were equal to or higher than the as-placed water content of 17.8%, and the instruments
were insensitive to changes in this region (Figure 8.4).

As heating continued, the instruments that were located remote from and above
the heater, showed either small increases or no change in thermal conductivity with time,
from which it can be inferred that water contents remained constant or increased above
17.8% (Figure 8.25). However, instruments which were around and beside the heater,
generally measured large thermal conductivity decreases, implying drying in the buffer

material surrounding the heater (Figures 8.25 and 8.26). It may be inferred from the data
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in Figure 8.25 that the drying appeared to slow down at about 400 days after heater
activation.

During decommissioning of the experiment, it was revealed that 14 of the 21
thermal needles used in the experiment had corroded. In particular, the stainless steel
sheaths of 7 of the 16 thermal needles used in the buffer annulus between the heater and
the rock wall were found to be completely corroded, exposing the heater elements and the
thermistors. It was reasonable to assume that the use of these instruments was affected by
corrosion and lack of contact between the probe and the buffer as a result of temperature-
induced drying shrinkage. These latter factors are considered to be acceptable explanation
for the scatter in the data such as reflected by the response of BN12 and BN20 seen in

Figure 8.26.

8.8  Moisture distributions at the end of experiment

In May 1994, after 897 days of heating, the heater was turned off and the buffer
was excavated. During the excavation, the condition of the buffer was inspected visually,
and in addition, about 8%, by total mass, of the buffer sampled and tested for water
content and density. The details of the carefully controlled procedures used are provided
by Roach et al. (1996).

Figure 8.27 shows the water content distribution in the buffer at the end of the
experiment. It can be seen that water contents showed strong symmetry in the water
content distributions about the central vertical axis of the test hole. In general, significant
moisture increases (> 3% increase over the initial average water content of 17.8%) were
measured in the narrow zone of buffer immediately adjacent to the rock, and in buffer
surrounding the top of the heater. Significant moisture decreases (> 3 % decrease) were
detected in buffer immediately adjacent to the heater. In the remaining zones, moderate

increases in water content (up to 3% increase) were measured.
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The changes in water content were accompanied by changes in dry density (yq)
within the buffer mass. Figure 8.28 shows the dry density distribution in the buffer. The
initial average yq of the buffer mass was 1.73 Mg/m3 at an average water content of
17.8%. In general, the dry density of the buffer above and below the heater, where
moisture uptake was measured, decreased to between 1.61 Mg/m3 and 1.73 Mg/m3 (that
is, the buffer had swelled). In the buffer annulus zones close to the rock where moisture
increases were measured, the final dry densities varied between 1.59 Mg/m3 and
1.66 Mg/m3. That is, swelling had also taken place in these areas. However, in the
annulus region between the heater and the rock, significant drying was observed in the
buffer zones closer to the heater. In these zones, the final dry densities were between
1.66 Mg/m3 to 1.86 Mg/m3 (that is, the buffer had shrunk and densified).

Based on the measured water contents, it was determined that the buffer as a
whole took on about 90 litres of moisture during the experiment. This value is in general
agreement with what had been calculated on the basis of the measured inflow from the
rock into the test hole prior to the installation of the buffer and heater system (Chandler

et al., 1992).

89 Comparison of end-of-test psychrometer-measured and actual water

contents

Figure 8.29 compares the actual end-of-test water contents of the buffer materials
that surrounded the psychrometers and the water contents indicated by the instruments.
It can be seen that the psychrometer-measured water contents are consistently higher
than the actual values by up to 7% in the extreme case at the top of the heater. The
percent error in the measurement generally lies between 8% and 21%, which is larger than

the accuracy of * 6% determined from the temperature-controlled laboratory tests
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reported in Chapter 3. It may be inferred further from the data that the discrepancies
tend to be larger for those sensors used in the buffer above the heater. It is suggested here
that these discrepancies can be attributable, in part, to water vapour movement from the
buffer annulus towards the top of the experiment under the influence of thermal gradients
during the early stages of the heating phase, and in part to the total stress effect as
postulated in Section 8.6. The implications of vapour pressure gradients and stress effect
on the precision and accuracy of suction and water content measurements by

psychrometers are discussed in Chapter 9.

8.10 Summary

The Buffer/Container Experiment was carried out to examine the thermal-
hydraulic-mechanical interaction between an initially unsaturated sand-bentonite buffer, a
heater, and granitic host rock. Commercial thermocouple psychrometers were installed
within the unsaturated buffer material to track in situ suction and moisture transients in
the soil. The instruments were calibrated in accordance with procedures developed by the
author and described in Chapter 3 of this thesis. The instruments measured vapour
pressures and suctions in the unsaturated soil. Water content values were obtained by
simple conversion of suctions using a suction-water content relationship measured under
constant laboratory conditions and described in Chapter 5. The end-of-test water
contents indicated by the psychrometers predicted water contents that were consistently
higher than the actual water contents. The discrepancies are thought to be attributed to a
combination of temperature-induced vapour pressure gradients and changes in total stress
in the unsaturated buffer. The effects of these observations on the usefulness of
psychrometers as moisture sensors to track in sifu suctions and water contents are

discussed in Chapter 9.
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CHAPTER Y9 DISCUSSION AND SYNTHESIS

9.1 Introduction

The objective of this study was to investigate the usefulness of thermocouple
psychrometers to measure in situ suctions and water contents in compacted swelling
clays. This study arose from the need to clarify conditions under which psychrometers
can be operated to provide meaningful data for the study of unsaturated compacted sand-
bentonite material for the underground disposal of heat-generating radioactive waste.

The performance of psychrometers as internal sensors in compacted sand-
bentonite material, and other compacted clays was examined in series of laboratory tests.
These tests were carried out to provide background information for the analysis of
psychrometer data from the Buffer/Container Experiment.

In this chapter, results from the suction test series (Chapter 5) and the triaxial test
series (Chapter 6) are discussed first to provide a framework for later discussion of the
results from the Buffer/Container Experiment. Data from the mercury intrusion
porosimetry studies presented in Chapter 7 showed that the sand-bentonite material,
sand-illite material, and Boom Clay tested in this study had complex soil fabric and pore
structures. Therefore, results from the laboratory tests are analysed on the basis of soil
structure theories.

The latter part of this chapter deals with the results from the Buffer/Container
Experiment which were presented in Chapter 8. Discussion of the results from the in situ
experiment is made in light of the framework developed from the laboratory
investigations. In particular, the influence of temperature-induced vapour pressure
gradients, and total stress effect on the precision and accuracy of in sifu suction and water
content measurements by psychrometers in unsaturated sand-bentonite material are

discussed.
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A summary of the derived understanding of the usefulness of psychrometers as

moisture sensors is given at the end of the chapter.

9.2  Soil structure considerations

The influence of soil structure on the physical and hydraulic properties of
compacted soils was discussed in Chapter 2. Recognizing the importance of soil structure
in relation to our understanding of the behaviour of compacted clays, tests were carried
out on the soils tested in this study using mercury intrusion porosimetry. Results from
these tests were presented in Chapter 7.

It was noted in Section 2.2.2 that clay particles carry electrical charges on their
surfaces. When water is added to clay particles, water molecules are attracted to the
surface of the particles. This is because water is dipolar. That is, a water molecule is
electrically neutral, but the centre of action of the two positively charged hydrogen atoms
does not spatially coincide with the central negatively charged oxygen atom. Because of
clay-water interaction, clay particles tend to aggregate to form domains which are groups
of clay particles with similar orientations. Due to forces acting on these small units
(Bowles, 1979), domains group together to form clusters, which in turn coalesce to form
peds (Yong and Warkentin, 1975). This is clearly supported for the soil studied here by
the evidence in photo micrographs in Figure 7.3.

For remoulded and compacted soils, the size and stiffness of peds are largely
functions of water content (Musa, 1982; Wan et al., 1990). With higher water content, the
peds become larger and softer. It appears that peds behave as discrete units, and that the
behaviour of the soil depends greatly on the interaction of the peds. Depending on the
moulding water content, peds may be saturated or unsaturated with water. In these
circumstances, remoulded and compacted clays have complex fabric structures containing

pores with a wide range of diameters and cannot be described as homogeneous. Pore size
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distribution curves are often bi-modal or tri-modal. This is reflected in the results from

the MIP test presented in Chapter 7 (see for example, Figures 7.4 to 7.7).

9.3  Suction properties

9.3.1 Background

Results from the suction tests have been presented in Chapter 5. Relationships
between total suction and water content for sand-bentonite material, sand-illite material,
and Boom Clay are shown in Figures 5.1 to 5.3 respectively. Figures 5.4 to 5.6 present
the relationships between total suction and degree of saturation for the each of the soils,
respectively.

In each of Figures 5.1 to 5.3, the total suctions in the respective soil measured by
the psychrometer method, vapour equilibrium technique, and the filter paper technique,
generally lie within the 95% confidence envelop of all the data. Therefore, the hypothesis
from Chapter 2 ‘Under normal temperature and atmospheric pressure boundary
conditions, thermocouple psychrometers can be used to measure suction in swelling
compacted clays’ is confirmed. This gives confidence to the use of psychrometers to
measure suctions in compacted clays under constant temperature conditions.

The data in Figures 5.1 to 5.3 show that, for the soils tested in this study, total
suction can be broadly related to a singular value of gravimetric water content. However,
contrary to views reported in the literature (Corey, 1986; Fredlund and Rahardjo, 1993),
no simple relationship between total suction and degree of saturation can be established as
reflected in the data in Figures 5.4 to 5.6. Figures 5.11 to 5.16 show the relationships
between osmotic suction and water content, and between osmotic suction and degree of

saturation. The data in these figures lead to the broad observation that osmotic suctions
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in the three soils were insensitive to changes in water content and degree of saturation.

Therefore changes in the total suction were largely controlled by the matric component.

9.3.2 Discussion

In contemporary unsaturated soil mechanics theories (Philip and de Vries, 1957,
Fredlund and Rahardjo, 1993), an element of soil is often considered as a simple three
phase system consisting of pore air, pore water and granular solid particles (Figure 9.1).
Suctions in such a system arise from capillary actions attributed to interactions between

air-water menisci and the soil particles. The matric suction (Spy) is related to the

curvature of the air-water meniscus (r) by,

Sy = 22 [2.5 bis]
T

where o, is the surface tension of water. In this simple soil system, dry density reflects
the packing of the solid particles. Any changes in dry density therefore lead to changes in
the degree of saturation and the volumetric water content. Density change would also
result in changes in the packing of the soil particles which in turn influence the curvatures
of the air-water menisci, and hence the matric suction in the soil. With this model,
singular relationships between suction and volumetric water content, and between suction
and degree of saturation can be envisaged.

Observations from photo micrographs and results from the mercury intrusion
porosimetry studies presented in Chapter 7 show that the soil structures in the
compacted soils tested in this study are more complex than those shown in Figure 9.1.
The observed soil structure can be more precisely described as a network of peds which
contain domains, clusters, intra-ped and inter-ped voids (Figure 9.2). Each domain is

essentially a group of curved and flake-like clay particles. The high affinity of the highly-
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charged particles for water and capillary actions cause the smaller intra-ped voids (that is,
spaces between adjacent particles) to become water-saturated before the inter-ped voids.
Depending on the water content, the matric suctions in these materials can be controlled
by the capillary phenomena at the "edges" of the domains and clusters, and are largely
influenced by the radius of curvature of the air-water menisci formed between the curved
surfaces of adjacent clay particles (Figure 9.2). Under these conditions, changes in
density only affect the volume and distribution of the inter-ped voids, but not the intra-
ped voids (Croney et al., 1958).

It was hypothesized in Chapter 2 that ‘The suction in a compacted clay is largely
controlled by the soil microstructure’. Calculations were carried out to verify this
hypothesis. Figure 7.1 compares the PSD’s of compacted specimens of sand-bentonite
material, sand-illite material, and Boom Clay. Using the capillary equation (Equation 2.5),
the suctions that correspond to the different dominant pore modes in Figure 7.1 were
calculated. The results are summarized in Table 9.1. From the table, it can be seen that
the suctions calculated from the "large pore" diameters are of the order of kilo-Pascals,
whereas the suctions from the "small pore" diameters are of the order of mega-Pascals.
The range of suction based on the small pore mode is consistent in magnitude with the
range of measured matric suctions. These results confirm that matric suctions and intra-
ped soil structures are related in compacted clays. That is, the hypothesis stated earlier is
confirmed. As a corollary to this hypothesis, it is likely that when the degree of
saturation is sufficiently high to partly fill the inter-ped voids with water, then
conventional relationships between S and Sy, and between S and 6 such as those modelled
by Figure 9.1 can be applied to analyses of a soil's behaviour.

It is common to use relationships between suction and degree of saturation, or
between suction and volumetric water content in the modelling of moisture movement or

deformation in unsaturated soils (Corey, 1986; Fredlund and Rahardjo, 1993). The
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findings in this study raise questions concerning the usefulness of volumetric water
content and degree of saturation as state variables. The corollary of this observation is
that hypotheses regarding the behaviour of unsaturated soils which rely on the use of S-8
or S-S, relationships may not be suitable or practically applied to model the more
complex behaviour of materials such as the engineered, swelling clay barrier being
proposed for use in radioactive waste disposal. Suction-gravimetric water content may be
more appropriate. This is consistent with the recent observations by Ridley (1995); and

Delage and Graham (1995).

9.4  Volume change behaviour of unsaturated sand-bentonite material

9.4.1 Background

Six triaxial isotropic compression tests with volume change measurements were
carried out on unsaturated sand-bentonite material to measure the volume change
behaviour of the unsaturated material under constant mass and constant water content
conditions. The purpose of these tests was to provide background information for the
interpretation of data from the triaxial isotropic compression and shear tests with suction

measurements using psychrometers.

9.4.2 Volume change behaviour

Figures 6.17, 6.19, 6.20, and 6.22 show the volume strain-total pressure curves for
four specimens formed to initial dry densities of 1.40 Mg/m® to 1.45 Mg/m® at water
contents of 16.4% to 28.6%. Figures 6.18 and 6.21 show the volume strain-total pressure
curves for two specimens formed to higher initial dry densities of 1.66 Mg/m® at water

contents of 18.8% and 19.3%.
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It was hypothesized in Chapter 6 that differences in the total suction responses
during first time isotropic compression and subsequent unload/reload cycling are
associated with elastic-plastic behaviour of unsaturated sand-bentonite material. To
examine this hypothesis further, the volume strain-total stress relationships given in
Chapter 6 are re-presented in Figures 9.3 and 9.4 with stress plotted in logyo scale. To
facilitate discussion, data for Specimen SB3080V6 are omitted from the figure. Figure 9.3
re-presents data from materials compacted to 1.40 Mg/m® to 1.45 Mg/m®. Figure 9.4 re-
presents data from material compacted to 1.66 Mg/m®.

From Figures 9.3 and 9.4, it can be seen that the &, - log p* relationships are
similar in form to conventional e-log p’ plots for consolidation data. In the g, - log p*
space, each specimen shows a change in stiffness with stressing, as indicated by the
change in slope of the volume strain-pressure relationship. In saturated soils, such
changes in stiffness are commonly taken to represent yield stresses (Wood, 1990). A
stiff response is measured when the pressures are below a previous maximum value. The
observations in Figures 9.3 and 9.4 may be taken to imply that when the load is below the
pre-yield value, the specimen behaves elastically. Once the pressure exceeds the pre-
yield value, the specimen compresses plastically with plastic strain hardening.

It may be inferred from the data in Figures 9.3 and 9.4 that the pressures at which
yielding first occurred, were similar for the specimens formed to similar lower initial dry
densities of 1.40 Mg/m® to 1.45 Mg/m®. As expected, the pressure tended to increase
with increasing density. Using the Casagrande (1936) method, the pressures at first-yield
were determined from each of the volume strain-log total stress relationships and are
summarized in Figure 9.5.

These pressures at first-yield may be related to the compaction pressures used in
the formation of the specimens. In the triaxial testing program, specimens were formed

by compacting moist sand-bentonite mixture in a rigid mould to a specified dry density
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and water content. During compaction, high pressures were required to form the
specimens. As a result, locked-in compaction stresses could develop in the specimens
and could subsequently affect the compression behaviour of the specimens. Figure 9.5
also shows the relationship between the average compaction pressure, dry density, and
water content for unsaturated sand-bentonite material. The data in this figure were
obtained from a separate series of compaction tests carried out in this study to examine
the correlation between compaction pressures and compaction variables.

Figure 9.5 shows that the average compaction pressures were higher for the high
density specimens than for the low density specimens. For the low density specimens, the
average pressures are relatively constant for the water content range of 16.5% to 18.6%,
measuring between 913 kPa and 931 kPa. A lower compaction pressure of 616 kPa was
recorded at a higher water content of 21%. For the high density specimens, average
compaction pressures of 2544 kPa and 2104 kPa were measured, respectively, in the
16.5% and 21% specimens. A higher average compaction pressure of 3219 kPa was
recorded in the 18.6% specimen.

The average compaction pressures presented in Figure 9.5 are generally higher
than the pressures at first-yield shown in the same figure. However the relationships
between pressure, density, and water content are qualitatively similar for both the
compaction and triaxial tests. It is likely that the difference in the pressures can be
attributed to varying specimen sizes and test boundary conditions. Smaller, 50mm
diameter specimens, were used in the 1-D compaction tests; larger, 100 mm diameter

specimens, were tested in the triaxial compression tests.
9.4.3 Discussion

The observations made in the triaxial compression tests with volume change

measurements may be explained with the aid of a conceptual model developed by the
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author. An unsaturated compacted sand-bentonite specimen may be envisaged as a
skeleton of peds with inter-ped voids, or may conceptually be visualized as a stack of
loosely organized sponge balls (Figure 9.6a). The sponge balls represent the peds which
are aggregations of water-saturated clay domains and clusters, and are often considered to
behave as individual units (Barden and Sides, 1970; Collins, 1983). Because of clay-water
interactions, peds can become compressible when subjected to high stresses.

When an unsaturated sand-bentonite specimen tested in this study was subjected
to isotropic compression stresses above the ‘preconsolidation’ pressure, it underwent
total volume strain which consisted of both plastic and elastic components (Wood, 1990).
During first time compression, deformation in the specimen was attributed to the
distortion of the skeleton structure, and to localized compression of the peds. This is
represented by the tighter packing of the compressed sponge balls in Figure 9.6b. Plastic
volume strains in the specimen were caused by changes in the skeleton structure which
involved a decrease in the inter-ped voids accompanied by minor re-organization and
tighter packing of the individual ped units. This is supported by the results from the
MIP tests (Figures 7.16 and 7.17). Elastic strains were attributed to compression of the
peds.

During unload-reload cycling, changes in the soil structure were largely attributéd
to the elastic response of the individual peds. The data in Figures 6.17 to 6.22 show that
reversible elastic volume strains were small for the total pressure range of 100 to 3000
kPa. It is likely that for this pressure range, elastic rebound of the peds was lessened by
the confinement of the rigid skeleton structure consisting of now much tighter packed and
re-organized peds (Figure 9.6c). The integrity of the skeleton structure in turn was
maintained by the confining pressure. As the confining pressure decreased to
atmospheric pressure, the effect of confining pressure on the skeleton structure and the

peds diminished. The peds were free to recover fully to their original shapes and
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geometries. This is depicted by the sponge ball model in Figure 9.6c. However
permanent plastic deformation was sustained by the skeleton structure. The net volume
strains measured at the end of test in Figures 6.17 to 6.22 reflect the changes in inter-ped

voids in the deformed specimens.
9.5  Effect of total stress on suction measurements using psychrometers

9.5.1 Background

Figures 6.1 to 6.9 present the total suction-total stress relationships measured in
the isotropic triaxial compression tests with suction values from psychrometers
embedded in the specimens. Figure 6.10 summarizes the total suction-total stress
relationships measured in the pre-shear isotropic compression phase of three triaxial shear
compression tests. The data in Figures 6.1 to 6.10 show that under constant mass and
constant water content conditions, the psychrometers indicated that suctions decreased
with increasing total stress on the specimen during first-time compression. In some of the
tests, the specimens were subjected to load-unload cycling. The total suction-total stress
relationships in these specimens were hysteretic, that is, the first-time compression and
unload-reload paths were different. Table 6.1 compares the total suctions in 6 isotropic
compression tests measured under atmospheric pressure conditions prior to isotropic
compression and at the end of each unloading phase. The data in the table show that total
suctions measured in the distorted specimens under atmospheric pressure conditions were
broadly similar to the pre-test total suctions measured in the intact specimens under
similar pressure conditions. Similar observation was made in Specimen SB1880TS4
which was first isotropically compressed to a total pressure of 1021 kPa and then

sheared. Despite distortions in the specimen, the final total suctions at the end of test
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were broadly similar to the initial suction measured under similar atmospheric pressure

conditions (Figure 6.16).

9.5.2 Comparison of total suction-total stress relationship between specimens

formed to different initial dry densities

In the triaxial compression tests series with suction measurements, six specimens
were formed to initial dry densities of 1.41 Mg/m® while three specimens were formed to
higher dry densities of 1.67 Mg/m®. Figures 9.7 to 9.9 compare the total suction-total
stress relationships of low and high density specimens formed to water content of 18%,
19.5%, and 21% respectively.

It can be seen from the data in Figures 9.7 to 9.9 that for the specimens formed to
the same water contents but different initial dry densities, the psychrometers indicated
broadly the same total suction-total stress relationships. Therefore the influence of total
stress on total suction is independent of dry density and degree of saturation. The
relatively large difference between the two relationships of specimens formed to 19.4% to
19.5% water contents (Figure 9.8) is attributed to the poor responses of the
psychrometer used in the denser specimen.

When two specimens were formed to the same water contents but different dry
densities, they had similar peds and intra-ped voids, but different macroscopic inter-ped
voids. This is supported by observations from MIP tests (see Figures 7.4 and 7.5). The
similarity in the total suction-total stress relationships may be taken to imply that
changes in total suction within respect to total stress change were controlled by the
changes in the micropores within the peds and not by the inter-ped macropores. The
corollary of this observation is that while changes in macrostructure differed between the

two specimens, changes in the microstructures were similar. This latter point is

168



supported by data from the isotropic compression tests with volume change
measurements (see Figures 9.3 and 9.4) and data from MIP tests (Figures 7.16 and 7.17).
The results from the triaxial compression tests with suction measurements therefore
provide further support to the hypothesis that total suctions in unsaturated sand-

bentonite materials are largely controlled by the soil microstructures.

9.5.3 Discussion

At first sight, the results of the triaxial compression tests with suction
measurements using psychrometers appeared to contradict the hypothesis discussed in
Section 9.3 that total suction in unsaturated compacted sand-bentonite material is related
to a singular value of gravimetric water content. However, it can be suggested that under
constant mass and water content conditions, the deformation in unsaturated specimens
caused by an increase in total compressive stress leads to increases in the degree of
saturation in the soil, which correspondingly decreases suction. However, this argument
does not adequately explain the similar total suction values measured by the
psychrometer in the same specimen before and after testing under atmospheric pressure
conditions (see Table 6.1 and Figure 6.16), and the hysteresis in the total suction-total
stress relationships. These two observations may only be explained by consideration of
the possible influence of soil structures on suction measurements using psychrometers as

follows.

9.5.3.1 First time compression

It was hypothesized in Section 9.4 that a typical unsaturated compacted sand-
bentonite specimen in this study may be envisaged as a skeleton of peds and inter-ped
voids (Figure 9.6a). During first time compression to pressures above an earlier yield

stress or the ‘preconsolidation’ pressure, the skeleton structure of the specimen deformed
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plastically, whereas the peds compressed elastically. It was discussed in Section 9.3 that
total suction in unsaturated sand-bentonite material is largely governed by the capillary
phenomena at the edges of the domains and clusters within peds. Stress-induced
compression of the peds led to changes in the air-water menisci (Figure 9.6b). Under
constant mass, when the clay particles in the saturated domains and clusters were brought
closer together, the radii of curvature, r, of the air-water menisci at the edges of these
microstructures increased. As the vapour pressure and total suction in the unsaturated
specimen are directly related to r, flatter air-water menisci (that is larger r values) implies
higher vapour pressure in the open voids in the soil. The output of a psychrometer is
inversely proportional to the vapour pressure. Therefore, under constant mass and water
content conditions, the psychrometers used in the compression tests, registered

decreasing suctions in the specimens with increasing total stress.

9.5.3.2 Unload-reload cycles

Six specimens tested in the isotropic compression tests were subjected to unload-
reload cycling (Figures 6.1, 6.3, 6.6 to 6.9). In general, the unload-reload total suction
paths in each specimen were different from the first time compression total suction path.
Implications of the rigid skeleton structure and confining pressure on the elastic
deformation of the peds were discussed in Section 9.4. Rigid skeleton structure
maintained by confining pressure inhibited total elastic recovery of the peds. Since the
curvatures of the air-water menisci were largely controlled by the spacings between the
clay particles in the water-saturated domains and clusters within the peds, lower total
suctions were measured for the total pressure range of 100 kPa to 3000 kPa during unload
and reload cycling. When the confining pressure was reduced to atmospheric pressure,
the peds expanded freely and elastically to their original shapes (Figure 9.6c). Under

these conditions, the air-water menisci at the edges of the peds were similar to those in
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the intact specimen prior to compression. As a result, a total suction similar to the initial
suction was measured by the psychrometer at the end of test under similar atmospheric
pressure conditions.

For Specimens SB1895TX and SB2295TX, the total suction-total stress
relationships in each specimen were broadly similar for the first-time compression and the
first unload-reload cycling. The similarity in response is associated with the fact that
during the first unload-reload cycling of each specimen, the maximum confining pressure
applied to the specimen did not exceed the first-yield pressure as discussed in Section 9.4
(see Figure 9.5). As a result, the specimen behaved elastically, with recoverable volume

strains, as indicated by the reversibility in the total suction readings.

9.5.4 Conclusions

One of the hypotheses stated in Chapter 2 is that ‘Under constant mass
conditions, stress variations and deformations will bring about changes in the soil macro-
and micro-structures in a compacted clay. These latter changes in turn will affect the
vapour pressure in the soil. Under these conditions, the suction measured by a
psychrometer will be different from that suction measured at the same water content by the
same instrument under normal atmospheric pressure condition’. In light of the
discussions presented in Sections 9.4 and 9.5, it is concluded that this hypothesis is

confirmed.
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9.6  Elastic-plastic modelling of unsaturated sand-bentonite material: a

preliminary investigation

9.6.1 Background

It was stated in Chapter 2 that one of the objectives was to explore the use of
contemporary unsaturated soil mechanics frameworks to describe the inter-relationship of
stress, volume change, and suction of unsaturated sand-bentonite material proposed for
use in the disposal of heat-generating radioactive waste. In this section, a conceptual
model based on elastic-plastic theories is proposed. Results from the triaxial shear tests

carried out in this studies are discussed within the framework of the proposed model.

9.6.2 Framework for elastic-plastic models

In recent years, various conceptual models based on elastic-plasticity theories
have been proposed to rationalize the constitutive behaviour of unsaturated soils (Alonso
et al., 1990; Gens and Alonso, 1992; Wheeler and Sivakumar, 1995; Wheeler, 1996).
Elastic-plastic modelling of soils requires the knowledge of pre-yield elasticity, yielding,
plastic-flow rule, hardening law, and strength law (Atkinson and Bransby, 1978; Wood,
1990). A review of our current understanding of elastic-plastic modelling of unsaturated
soils and limitations of existing models is given by Delage and Graham (1995).

A general elastic-plastic model for unsaturated soils was first proposed by Alonso
etal. (1990). Later Wheeler and Sivakumar (1995) developed the ideas of hyperlines that
describe load-induced and suction-induced yielding into a series of hyper-surfaces that
increase with either loading or drying. Figure 9.10 shows the general shape of the yield
surface of an unsaturated soil in q:p:S space (Wheeler and Sivakumar, 1995). The model
may be used to explain the inter-relationship between yielding due to loading, suction

increase, and wetting. Implicit in this model is the assumption that the soil will behave
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elastically if its state remains inside the yield surface. However, plastic volume and shear
strains will be experienced by the soil if its state traverses the yield surface. Compressive
plastic volume strains lead to expansion of the yield surface (that is, volumetric hardening
plasticity). A shortcoming of Wheeler and Sivakumar’s model is that it does not
adequately describe yielding under suction increase at constant p.

Referring to the model in Figure 9.10, for a soil with its initial state at A, isotropic
loading inside the surface would lead to yielding at B, followed by plastic hardening to C
which lies on an expanded yield surface (not shown in the figure for clarity). Wetting or
suction decrease from A would initially produce elastic expansion to F, yielding and
plastic compression to G on a new yield surface. Increasing shear stresses from A with
constant mean total stress and constant suction would produce yielding at D and plastic
hardening towards a critical state at E on a larger yield surface. At critical state, the soil
continues to deform without further changes in effective stress, shear stress, and suction
(Atkinson and Bransby, 1978; Wood, 1990). Wheeler and Sivakumar (1995) and Zakaria
et al. (1995) have presented experimental evidence that strongly support this general
approach for isotropic soils.

Figure 9.11 deals with elasticity and yielding of an unsaturated soil in the v:S:log p
space (Alonso et al, 1990; Delage and Graham, 1995). Figure 9.11a compares the loading-
unloading paths of two unsaturated specimens tested at different constant suctions in
v:log p space. The first specimen begins at a lower suction at A, loading through its yield
stress B, compressing plastically with volumetric hardening to C, then being unloaded to
D. The second specimen is being loaded at a higher suction from L, yielding at M,
compressing plastically down its stress hardening line to N, then being unloaded
elastically to O. Note the difference in the pre-yield stiffness between the specimens as
defined by the k-line. The current consensus is that pre-yield stiffness during stressing

increases with suction (Alonso et al., 1987; Cui and Delage, 1993). Figure 9.11b shows
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that plastic volume strains lead to expansion of the yield surface. Points B and M define
the initial yield curve LY1 whereas the subsequent yield curve LY2 are linked by points C
and N.

9.6.3 A conceptual model for unsaturated sand-bentonite material

The volume strain-total pressure relationships from the isotopic compression
tests with volume change measurements were discussed in Section 9.4. The data from
these tests show good evidence of yielding (see Figures 9.3 and 9.4), and therefore
provide further support for the development of a general elastic-plastic model for
unsaturated sand-bentonite material.

Following the ideas of hyper-surfaces developed by Wheeler and Sivakumar
(1995), a conceptual model is proposed here to explain the behaviour of unsaturated sand-
bentonite material tested in triaxial shear compression. In this model, an associated flow
rule is assumed and the yield loci are elliptical in shape. Figure 9.12 presents a schematic
of the proposed conceptual model in q:p*:S space, where p* is the total stress variable
defined in Section 6.2. This conceptual model is qualitative at this stage, and in part
hypothetical. The exact shapes of the yield surfaces, the yield loci, and the tension cut-
off line are arbitrarily defined. |

The model in Figure 9.12 uses the concept of elastic volume developed by Graham
(personal communication). An elastic volume is a 3-D volume in the q:p*:S space
bounded by the tension cut-off line, a loading yield line, a suction yield line, and the p*
axis. The elastic volume for unsaturated soils is analogous to the pre-yield elastic wall
(that is, the k-line in v:p space) for saturated soils. Depending on the initial water
content and, hence, suction, and on previous stress history on the soil, the elastic volume
bounds and defines the initial state of the soil. For example, assuming that a soil has an

elastic volume of AB,D,C, in Figure 9.12 and that stress conditions place the material

174



within the elastic volume, then the soil will behave first elastically when stresses change.
However when the bounding surface of the elastic volume is reached, the soil will yield
and behave plastically with stress changes. If the soil strain hardens, volume hardening is
accompanied by enlargement of the elastic volume. The current state of the soil is now
represented by an expanded elastic volume as depicted by AB3;D3;C;. Conversely, if the
soil strain softens, a reduced elastic volume given by AB;D;C,; determines its current
state.

One assumption of the conceptual model in Figure 9.12 is that the model is
“capped” at high suctions. That is, for a given elastic volume, its boundary is terminated
by a fixed constant suction wall, such as the constant suction wall D,C; for the elastic
volume AB;D,C,. This feature allows the modelling of yield when the soil is subjected to
constant p* loading with suction increase. At this stage, the detailed shape of constant
suction walls is unknown. It has been assumed elliptical and vertical in q:p* planes at

constant S.

9.6.4 Modelling of elastic-plastic behaviour of unsaturated sand-bentonite

material in shear

In this section, the stress paths of four hypothetical specimens (SP1 to SP4) in
shear are examined within the framework of the proposed conceptual model. These stress
paths have been chosen to allow comparison between the predicted behaviour and actual
behaviour measured in the four triaxial shear tests described in Section 6.4.

It is recalled that the triaxial shear specimens tested in this study were formed to
similar initial conditions with dry densities of 1.40 Mg/m> to 1.43 Mg/m® and a water

content of 18%. The specimens were then isotropically compressed to 0 kPa, 515 kPa,
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1021 kPa, and 1494 kPa. Therefore, these specimens were at different v:S:p* states prior
to shear with initial conditions represented by different elastic volumes.

It is assumed that the respective hypothetical specimens SP1 to SP4 have the
same initial densities and pressure-volume states as the triaxial shear specimens; and they
are sheared under the same stress paths as the sheared specimens, that is, “undrained”

constant mass conditions with a total stress path of a gradient of 3.

SP1

Referring to Figure 9.13, SP1 is sheared with zero (atmospheric) confining pressure, and
has an initial state at point Al. This point must lie on the constant suction ellipse SY5a
inside the elastic volume arbitrarily shown in the figure as EVS5. Because the specimen is
sheared under “undrained” constant mass conditions, its stress path in the q:p* space has
a3v:1h gradient. The triaxial compression stress path intersects the original p*:q:S yield
surface (SYS5a) at B1 to the ‘dry’ side of the critical state hyperline (Figure 9.13).
Assuming an associated flow rule, the normal to the local yield locus at this point has a
negative de', component. That is, the plastic strain increment vector perpendicular to the
yield surface has a negative slope. The model therefore suggests that, upon yielding, the
specimen will expand plastically and strain-soften, producing a smaller elastic volume of
reduced shearing resistance. At the same time, expansions lead to small increases in
suction as the state of the specimen approaches critical state near C1 on the constant
suction ellipse SY1la defined by an elastic volume EV1 which is smaller than the initial
elastic volume EVS. This agrees qualitatively with the observed behaviour of Specimen
SB1880TS1 which showed dilative, strain softening behaviour in shear (Figures 6.11 and
6.12).
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SP2

Figure 9.14 shows a suggested stress path for SP2 which is sheared under a moderate
confining pressure. It is assumed that the state of SP2 is still bounded within the elastic
volume EVS5. The state of SP2 is represented by point A2 on the same constant suction
ellipse SYS5a as SP1. Hypothetically sheared under “undrained” constant mass
conditions, the total stress path has a gradient of 3. Increasing the shear stresses on SP2
causes the specimen to yield at B2 which is just on the ‘wet’ of the critical state
hyperline (Figure 9.14). The normal to the local yield locus at this point has a positive
de’, component. Volumetric hardening is accompanied by enlargement of the elastic
volume. This specimen therefore strain hardens, compresses, and experiences suction
decreases until it approaches critical state near C2 on the constant suction ellipse SY7a
defined by an elastic volume EV7 which is larger than the initial elastic volume EV5. This
agrees qualitatively with the observed strain hardening behaviour of Specimen
SB1880TS3 which was isotropically confined at 515 kPa prior to shear (Figures 6.11 and
6.12).

SP3

Figure 9.15 shows the hypothetical stress paths of SP3 which is isotropically
compressed to a higher confining pressure than SP2. It therefore has a lower initial
suction at the beginning of shearing than either SP1 or SP2. Because the maximum
isotropic compression pressure on SP3 exceeds the pressure at first yield, it is assumed
that the initial condition of the specimen is represented by a larger elastic volume EV9
than that of SP2 (EVS in Figure 9.14). The state of the specimen is depicted by point A3
lying inside the constant suction ellipse SY9a in EV9. Assuming a 3v:1h total stress path,

yielding occurs at a stress state on the original yield locus at B3 with a positive de",

component. The specimen compresses plastically with suction decreases, and
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experiences volumetric hardening. The specimen continues to strain harden until its stress
path moves towards critical state near C3 on the constant suction ellipse SY13a defined
by a larger elastic volume EV13. This agrees qualitatively with the observed strain
hardening behaviour of Specimen SB1880TS4 which was isotropically compressed to
1021 kPa prior to shear (Figures 6.11 and 6.12). The pressure of first yield of Specimen
SB1880TS4 was about 500 kPa.

SP4

SP4 is sheared under the highest isotropic confining pressure which is assumed to far
exceed the pressure at first yield. Therefore, the initial condition of the specimen is
assumed to be represented by A4 lying inside the constant suction ellipse SY13a in the
elastic volume EV13 (Figure 9.16) which is, again, larger than SY9a, the post isotropic
compression condition of SP3. With a 3v:1h total stress path, the specimen first yields
on the original yield locus at B4 with a positive de', component. It then compresses
plastically, producing a suction decrease, and its stress path moves towards critical state
at C4 on the constant suction ellipse SY18a defined by a larger elastic volume EV18. This
agrees qualitatively with the observed behaviour of Specimen SB1880TS2 which was
isotropically compressed to 1494 kPa prior to shear and for which the pressure at first
yield was again about 500 kPa (Figures 6.11 and 6.12). Specimen SB1880TS2 showed an

increase in strength with shearing, and lightly overconsolidated behaviour in shear.

9.6.5 Discussion

The conceptual model presented in this section is the first attempt to use an
elastic-plastic framework to synthesize triaxial data on unsaturated sand-bentonite
material in a useful and coherent manner. The model only deals with the shear behaviour

in the q:p*:S space and is therefore incomplete. It is recommended that future work
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should be extended to examine the shape of the yield hypersurfaces, and the volumetric
behaviour in the v:S:p* space.

While the model is qualitative and hypothetical in part, it has been shown that the
model can be used to explain the strain softening and strain hardening behaviour
experienced by the specimens tested in shear. It is also encouraging to see that the model
qualitatively shows that for the specimens tested at confining pressures up to 1000 kPa,
the magnitude of the shear strength near critical state reached by the specimen tended to
increase with increasing confining pressure. However, the model does not predict lower
shear strengths at critical state for the specimens tested at confining pressures higher than
1000 kPa, as indicated by the behaviour of SB1880TS2 (see Figure 6.12). This
inadequacy may be associated with the use of the total stress variable p* in presenting the
data, and may be explained by consideration of the soil structures as follows.

The importance of soil structure in influencing the behaviour of compacted soils
has long been recognized. Gens and Alonso (1992) were the first researchers to identify
the need to consider the role of soil micro- and macro-structures in constitutive modelling
of unsaturated swelling clays. Work is now in progress by Gens, Alonso, their colleagues
and others (for example, Ridley, 1995; Wheeler, 1996) to develop usable constitutive
elastic-plastic models for unsaturated swelling soils. It was discussed in Section 9.2 that
compacted sand-bentonite material has complex soil structures with tri-modal pore size
distributions. A compacted sand-bentonite specimen may be envisaged as a skeleton
structure consisting of peds and inter-ped macrovoids that contain some air. The peds are
largely saturated and behave essentially as single units with elastic properties. Therefore
the actual S; of the soil micro- and macro-structures can be quite different from the
average S; of the whole specimen. For the specimens tested in shear tests, the average S,

was measured to be 80% to 85%.
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When an unsaturated specimen is subjected to shear stresses, plastic deformation
largely takes place in the partially saturated skeleton structure while the saturated peds
experience elastic compression (see Section 9.4). The integrity of the peds is maintained
by the suction forces attributed to the capillary effects at the edges of the peds. The
suctions are in turn influenced by the magnitude of the compression stresses on the peds.
Earlier chapters showed that suction changes can be measured by psychrometers. At low
confining pressures and correspondingly lower saturations, deformation in the specimen
has little effect on the air and water pressures in the inter-ped macrovoids (Lambe and
Whitman, 1969). Volume change and strength of the unsaturated soil are largely the result
of changes in effective stresses at the contacts between peds units. Therefore the total
stress paths may be taken essentially as the effective stress paths. For specimens tested
at higher confining pressures (such as Specimen SB1880TS2), the saturation S, is higher.
As the load on the specimen is increased sufficiently to cause the pore air to go into
solution, the specimen approaches saturation. This is supported by the data in
Figure 6.13 that at axial strains of more than 4%, the total suction in the specimen
remained largely constant at about 800 kPa. This value is similar to the range of osmotic
suctions reported in Chapter 5, indicative of saturation in the specimen. Further load
increase leads to positive pore water pressures in the macrovoids. While positive pore
water pressure has no effect on the shear stress, the effective stresses at the contacts
between the peds decrease. In this case, the total stress path does not represent the
actual stress path experienced by the specimen. Referring to Figure 9.16, assuming
positive water pressures, the actual effective stress path will start at A4, but move to the
left of the total stress path and reach critical state at a lower q value at C4’.

The implication of the foregoing discussion is that while the suction properties of
an unsaturated sand-bentonite material are governed by the micropores, the strength and

stress-strain behaviour of the unsaturated material are influenced by the interaction of the
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peds at the macroscopic level. Suction indirectly affects the strength and deformation
characteristics of the soil insofar as maintaining the integrity of the ped units during
shearing. The suction in the unsaturated soil is in turn influenced by the initial moulding
water content and subsequent changes in water content as may occur in a drained test.
Therefore, the conceptual model presented here implicitly considers the effects of micro-
and macro-structures on the constitutive behaviour of unsaturated sand-bentonite
material.

As a corollary to the foregoing discussion, qualitative agreement between the
trends of suction paths measured by thermocouple psychrometers and those predicted by
the conceptual elastic-plastic model shows that the instruments can be successfully used
in unsaturated sand-bentonite to provide meaningful data. This adds confidence to the
continuing use of psychrometers to measure suctions and water contents in unsaturated

compacted swelling clays under well-controlled laboratory conditions.

9.7  Buffer/Container Experiment

9.7.1 Background

It was stated in Chapter 1 that an objective of this study was to examine the
usefulness of thermocouple psychrometers in measuring in situ suctions and water
contents in compacted sand-bentonite material. Results from the Buffer/Container
Experiment were presented in Chapter 8. It was hypothesized in Section 8.9 that the
discrepancy between the actual water contents and the values measured by
psychrometers at the end of the experiment were attributed to vapour pressure and total
stress effects. In this section, these two factors are examined in detail. Discussion of the
results from the in situ experiment is made within the context of the discussions on the

laboratory studies presented in Sections 9.3 to 9.6.
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9.7.2 End-of-test water content distribution

The end-of-test water content distribution in the buffer was shown in F igure 8.27.
The distribution showed good symmetry about the vertical axis of the experiment. To a
large extent, the moisture distribution was influenced largely by the temperatures in the
system, and otherwise by hydrogeological condition in the surrounding rock, and the
geometry of the test. Examination of the temperature data presented in Chapter 8 reveals
steep temperature gradients; the temperatures and temperature gradients changes quickly
in the buffer close to the heater when the heater was first powered (see Figures 8.5 and
8.7). Subsequently the temperature regime became quite stable. As expected, there was
considerable drying in the buffer around the heater. Heating also affected the pore water
pressures in the rock. Figure 9.17 shows the influence of temperature on the pore water
pressures in the rock measured by hydraulic packers and piezometers (Graham et al.,
1996). Due to spatial and temporal variations in temperature and hydraulic potential,
competing gradients existed between the annular buffer and the surrounding rock.
Elevated pore pressures in the rock caused water to move towards the buffer, whereas
elevated temperatures in the buffer tended to drive moisture towards the buffer-rock
interface. It is likely that during the initial stage of the heating phase of the experiment
the latter condition prevailed, whereas during the latter stage when steady state condition
was approached, the former process dominated. This hypothesis is partly confirmed by
the increased water contents in regions close to the rock walls of the hole. Furthermore,
results from moisture mass balance calculations indicate that there was a small net
increase in water content at the end of the test (see Section 8.8). It can be inferred from
this observation that the water content distribution shown in Figure 8.27 was not simply
a redistribution of moisture under the influence of temperature gradients. Inflows from
the surrounding rock also contributed to the changes in water content in the compacted

material. The former phenomenon of temperature effects was dominant.
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For the top 1 m of buffer remote from the heater, temperature changes were slow
and gradual (see Figure 8.6). Therefore the buffer was under approximately isothermal
temperature conditions. Temperature had little impact on the pore pressure gradients in
the rock (see Figure 9.17). In this region, moisture uptake by the unsaturated buffer was
largely controlled by the hydraulic gradients in the surrounding rock. This hypothesis is
partly confirmed by the end-of-test water content data. The end-of-test water content
distribution for the top 1-m of buffer in Figure 8.27 shows good axial symmetry with an
outer region of saturated buffer encompassing an inner core of unsaturated buffer. It may
be inferred from the figure that the measured transverse water content gradients were
essentially uniform throughout the top 1m of buffer, from which it can be inferred that
water supply was largely attributed to the hydraulic flows from the granite rock.

The ability of psychrometers (such as BX8, BX10, BX12, and BX13) located
close to the heater to measure suctions and water contents was greatly influenced by
temperature and temperature-induced vapour pressure gradients. In contrast, instruments
remote from the heater (such as BX1, BX3, and BX5) were influenced less by
temperature changes. Under these latter conditions, swelling pressure development and
total stress effect played an important role in affecting the precision and accuracy of the

psychrometers and the ability to effectively interpret the data.

9.7.3 Temperature effect on suction and water content measurements by

psychrometers

It is recognized that in field applications, psychrometer data can be subject to
errors induced by temperature effects (Richards, 1969; Brown, 1970). Inaccuracies in the
measurement may arise as a result of

a)  temperature fluctuations during the course of the measurement,
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b)  thermally-induced vapour pressure gradients.
The former factor may be minimized by limiting temperature fluctuations to less than
0.001°C during the measurement (Richards, 1969). In the transient heating phase of the
Buffer/Container Experiment, a 30-second cooling time was used to cool the sensing
junction of the instrument. During this 30-second measurement period, maximum
temperature increases in the buffer around the instrument were recorded to be 0.0005°C.

With respect to the latter factor, control of water vapour movement within the
buffer mass was not possible. However, the importance of water vapour movement on
suction and water content measurements using psychrometers can be qualitatively
examined by comparing the responses of two paired instruments: thermal needle BN4 and
psychrometer BX8. The instruments were located near the top of the buffer annulus,
where temperature gradients were steeper than in other areas of the buffer. They were on
the same horizontal level at radial distances of 0.42 m and 0.60 m respectively from the
vertical axis of the heater. Figure 9.18 compares the apparent water content changes
measured by the two instruments. Positive changes normally indicate moisture increase
and vice versa. It can be seen from Figure 9.18 that during the first 50 days of heating, the
psychrometer indicated an apparent water content increase of about 4% whereas the
thermal needle indicates a net water content decrease of about 1%. Thus it may be
inferred that the quantity of moisture taken in by the larger outer buffer zone is larger
than the amount of moisture leaving the smaller inner zone. Considering moisture mass
balance, this explanation is impermissible. The discrepancy is explained by consideration
of the effects of temperature-induced water vapour gradients on the suction
measurements made by the psychrometer as follows.

It was pointed out in Section 8.5 that during the first 50 days of heating,
temperatures were increasing rapidly in the buffer region that surrounded the heater. In

particular, steep temperature gradients were observed in the buffer annulus region
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between the heater and the rock. Higher temperatures of up to 55°C were measured in the
buffer closer to the heater whereas cooler temperatures of up to 35°C were observed in
the buffer beside the rock. These temperature differences led to the development of
localized transient vapour pressure gradients within the buffer annulus. Therefore, water
vapour tended to move from the inner buffer zone in which the thermal needles were used
to the outer buffer zone next to the rock where the psychrometers were located.

It is recalled that psychrometers measure vapour pressures in the void spaces in
an unsaturated soil. Thermodynamically, the vapour pressure in the soil can be related to
total suction via the Kelvin equation (Hillel, 1980). The water contents measured in the
buffer by the psychrometers were determined by simple conversion of the suction data
via the suction-water content relationship (Equation 5.2) presented in Chapter 5. This
relationship was determined under constant equilibrium laboratory conditions without
transients. This simple conversion procedure does not take into consideration thermally-
induced vapour pressure effects.

Calculations were carried out to examine the sensitivity of suction and water
content to the addition of water vapour associated with vapour pressure gradients.
Theoretically, an increase of less than 1g/m3 of water vapour is sufficient to cause a
reduction in apparent suction in a cubic metre of buffer from 4000 kPa to 0 kPa.
However, this quantity of moisture does not significantly change the gravimetric water
content. As a corollary to the results of the theoretical calculations, under the influence of
temperature-induced vapour pressure gradients, at a given water content, the suction
measured by a calibrated psychrometer can be expected to be less than the suction defined
by the suction-water content relationship obtained under constant laboratory conditions.
Therefore Hypothesis 4 stated in Chapter 2 is confirmed.

The results of these calculations have practical implications. Refer again to the

annular buffer zone in which psychrometer BX8 and thermal needle BN4 were used
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(Figure 9.18). Under the influence of transient temperature-induced vapour pressure
gradients, a small amount of water vapour was sufficient to cause the vapour pressure to
approach saturation vapour pressure in the cooler outer buffer region where the
psychrometer was used. Hence, the relative humidity approached 100%, and the
measured suction tended to decrease to zero. With the commonly used and simple
suction-water content conversion technique adopted for analysing the psychrometer data,
the suction changes were interpreted to give changes in the total gravimetric water
content, that is, changes in both the vapour and liquid component of the water content.
Under these conditions, the psychrometer over-predicted the water content in the
unsaturated soil.

Based on observations during the experiment and on results conducted after the
test, the following conclusions can be made as to the usefulness of psychrometers to
measured in situ suctions and water contents in buffer and similar materials under the
influence of temperature. Provided that temperature fluctuations are restricted to + 5°C
and changes in total stress are small such as the conditions encountered during the pre-
heating phase of the Buffer/Container Experiment, the instruments can be used to measure
suctions, and the simple conversion technique can be used to provide water content
values. The effect of total stress on suction measurements using psychrometers is
discussed in the next section. However, in field conditions in which large temperature
variations exist, transient thermally-induced vapour pressure gradients develop. Because
the simple conversion technique does not account for the effect of vapour pressure
gradient, the use of such technique leads to over-estimated water content values when full
equilibrium is attained. Even with the preceding limitations, it is likely that the
instruments can still be used to infer suctions.

While the commercial psychrometers and thermal needles could not precisely

indicate the water contents in the unsaturated buffer in the Buffer/Container Experiment
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during the heating phase of the experiment, the data from the instruments could be
interpreted to indicate the patterns of moisture transfer in the clay under heating. In
particular, the psychrometer data clearly demonstrated that under the influence of
changing temperature gradients, moisture movement is largely dominated by the vapour
phase. This observation therefore confirms the need to incorporate the mechanism of
water vapour transfer in the modelling of processes that control heat and moisture flows
in compacted clay barriers for the disposal of heat-generating radioactive waste (Thomas

and He, 1995).

9.7.4 Total stress effect on suction and water content measurements by

psychrometers

Figures 8.17 shows the suction-time relationship of psychrometers BX1, BX3,
and BX5. From the figure, it can be seen that ‘steps’ were measured in the suction-time
relationships between 170 and 250 days after the heating began. These steps appeared
to be unique to this group of instruments which was remote from the heater. It was
discussed in Section 9.7.2 that during the period of 170 and 250 days, changes in
temperature and temperature gradient were small (see Figures 8.5 to 8.7).' Therefore it is
assumed that these ‘steps’ could not have been caused by temperature-induced vapour
pressure gradients. Similar observations were made in the Isothermal Test where no
heating was used (Chandler, 1994). In light of the results from the triaxial compression
tested presented in Section 6.3, the ‘steps’ observed in the suction-time and water
content-relationships are explained by consideration of total stress effects on suction
measurements using psychrometers.

During the isothermal phase of the experiment, the changes in suction were

gradual. Based on the similarity in the shape of the suction-time curves in Figure 8.17
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(Hillel, 1980), it was reasonable to assume that moisture movement in this isothermal
phase was dominated largely by vapour transport. At the beginning of the heating phase,
temperatures were changing quickly. It is likely that moisture movement was dominated
by transient temperature-induced vapour pressure and water content gradients in the axial
direction.  The suction decreased relatively quickly over a short period of time
(Figure 8.17). As the temperature approached steady state, the suction continued to
decrease gradually by virtue of the hydraulic gradients between the rock and the buffer.

As the moisture front moved inward, the buffer closest to the rock became
saturated first, and on saturation, developed maximum swelling pressures as controlled by
the clay dry density (Dixon et al., 1991). Because of low hydraulic conductivies (Dixon
et al. 1993), it is likely that the development of swelling pressure in the saturated buffer
led to stress-induced compression of the adjoining unsaturated buffer under a partially
undrained condition (see Figure 9.19). Results from triaxial tests presented in Chapter 6
show that when an unsaturated sand-bentonite specimen was compressed at constant
mass, the total suction in the specimen tended to decrease with increasing total stress.
Therefore, it may be assumed that under the influence of compressive stresses,
psychrometers located in the compressed unsaturated buffer would indicate lower total
suctions even though the water contents had remained virtually constant. As the
moisture front moved toward the compressed buffer, the suction in the buffer continued
to decrease (Figure 8.17). When the buffer became saturated, the measured total suction
would ultimately move to a value close to the osmotic suction of 0.5 MPa to 1.5 MPa
(see Chapter 5).

In Section 8.9, the end-of-test actual water contents were compared with the
values measured by the psychrometers. Larger differences in the water content values
were noted for the psychrometers used in the top 2 m of the experiment. The larger

discrepancies were due in part to vapour pressure effect discussed in Section 9.7.3 and in
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part to the total stress effect discussed in this section. Figure 8.21 shows the water
content-time relationships for psychiometers BX1, BX3, and BX5. These relationships
were obtained by simple conversion of the suctions to water content values using the
suction-water content relationship measured under constant atmospheric conditions. As
discussed earlier, the ‘steps’ in the suction-time curves are attributed to total stress
effects on the unsaturated buffer brought on by the swelling pressure of the adjoining
saturated buffer near the rock. Therefore the observed changes in suction did not truly
reflect the changes in the water content in the unsaturated soil. The simple conversion
procedure did not incorporate the effect of total stress on the suction measurements using
psychrometers, and therefore led to over-estimated water content values.

In the Buffer/Container Experiment, total pressure cells were not installed close to
the psychrometers.  Therefore the stress conditions at the points of suction
measurements were not known. Under in situ conditions, the stress-strain and hydraulic
boundary conditions in the buffer were changing with time. It may be assumed that
stress-induced volume changes in the unsaturated buffer took place under partially
drained conditions. Therefore, the suction-water content relationships from ‘undrained’
constant mass tests presented in Chapter 6 are too idealistic and do not give precise water
content values. It is likely that conceptual models such as the one described in Section
9.6, and an understanding of both the stress and hydraulic boundary conditions need to be
developed further to quantitatively and accurately define the suction and water content

state of the buffer.
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9.7.5 Comparison of responses of psychrometers, thermal needles and total

pressure cells

Results from the psychrometers and thermal needles were presented in Sections
8.6 and 8.7 respectively. It was shown in Section 9.7.3 that temperature-induced vapour
pressure gradients affected the ability of the psychrometers to provide absolute water
content values, particularly, during the transient heating phase of the experiment. The
effect of total stress on the use of psychrometers to infer water contents was examined in
Section 9.7.4. In the case of thermal needles, several factors contributed to the inaccuracy
of the instruments in measuring water contents (see Section 8.7). These factors include
insensitivity of thermal conductivity to water content at w> 17%, temperature-induced
drying shrinkage, and corrosion.

While the values of absolute water contents and water content changes measured
by the psychrometers and thermal needles may be in error, the trends of moisture
variations, dw, are noteworthy. The term “moisture variation” is defined as the difference
between the inferred water content and the initial water content. It is used to determine
possible changes in the vapour pressure in the unsaturated buffer at the point of
measurement. The latter factors are in turn influenced by both the vapour and liquid
components of the soil water in the unsaturated soil (Hillel, 1980; Briscoe, 1984). To
facilitate presentation of the data, moisture variation is simply taken as the water content
change with respect to the initial water content expressed in % water content. Figure 9.20
presents the best interpretation of the patterns of moisture variations in the unsaturated
buffer at Days 0, 50, 100, 200, 400, and 525 respectively since heater activation. Positive
values are moisture increases and vice versa.

Several observations can be made from the data in Figure 9.20. One, in the first

50 days of heating, a wetting zone (2% < dw < 4%) developed beside the rock in the
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buffer annulus at a depth of 1.5 m to 3 m (Figure 9.20b). Two, after Day 100, the extent
of the wet zone at 1.5m to 3m diminished with time as the heating continued
(Figure 9.20c). However, the wet zone at 1.25 m to 1.5 m continued to spread upward
and laterally as moisture was drawn from the rock and driven from the drying buffer that
surrounded the heater into the buffer above and remote from the heater. Three, a dry
zone (-2% < dw < 0) began to develop in the buffer annulus at a depth of 2m to 4m
between Day 50 and Day 100. With time, the zone appeared to extend outward toward
the rock, and to the buffer below the heater (Figure 9.20d). Thereafter the extended zone
generally remained at a constant range of water content for the period up to Day 525.
Four, after Day 400, the buffer above and below the heater was wetting up slowly under
virtually isothermal condition (Figures 9.20e and 9.20f).

Based on the observations and data from the psychrometers beyond 525 days as
shown in Figures 8.17 to 8.24, it may be assumed that only small, but finite, changes in
the water content continued to take place in the buffer after Day 525 until the end of test
at Day 897. This assumption is qualitatively supported by the broad similarity in
moisture pattern between the moisture sensor data at Day 525 (Figure 9.20f) and actual
water content measurements at the end of test (Figure 8.27). However, it should be
pointed out that one notable difference exists between the two moisture patterns. The
dry buffer zone immediately above the heater as observed at the end of the test
(Figure 8.27) is clearly absent from the moisture sensor data (Figure 9.20). This
discrepancy arises from the shortage of instrumentation in the buffer mass above the
heater.

In general, the responses of the moisture sensors correlated qualitatively with
those of the total pressure cells. Figure 9.21 compares the responses of the
psychrometers and Geonor total pressure cells. It can be seen from the figure that the

total pressures in the buffer zone above and below the heater systematically increased
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with time, implying moisture uptake in these areas. The psychrometers showed a steady
decrease in the total suction after the initial drop during the transient heating phase. The
pressure and psychrometer data are consistent. Similarly, in the buffer annulus, thermal
expansion of the heater led to an initial increase in the total pressure (see Section 8.5.2.2).
This was followed by subsequent pressure decreases in the buffer due to drying of the
material. Correspondingly, as pressures decreased, the psychrometers showed a steady

increase in suction with time during the latter part of the experiment.

9.7.6 Total system analysis

The discussions presented in this section identified the importance of total system
analysis when dealing with complex swelling clays such as the buffer. Because of the
complexities associated with clay-water interactions in compacted sand-bentonite buffer,
stress-strain behaviour, deformation and moisture flow are intimately linked. Limited and
sometimes confusing information was gained when the data from each individual group of
instruments were analysed in isolation. Only when the data from the different groups of
instruments (namely, the psychrometers, thermal needles, total pressure cells, hydraulic
packers, and piezometers) were considered as a whole, could clearer patterns and trends
with respect to moisture movement and pressure development be detected. Processes
such as temperature-induced vapour pressure gradients, total stress effects, and dry
shrinkage effects were identified and incorporated in the analyses of the data from the

commercial moisture sensors.

9.8 Summary
The objective of this study was to investigate the usefulness of thermocouple
psychrometers to measure in situ suctions and water contents in compacted swelling

clays. This study arose from the need to clarify conditions under which psychrometers
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can be used to provide meaningful data for the study of unsaturated compacted sand-
bentonite material for the underground disposal of heat-generating radioactive waste.

Laboratory and calibration tests were carried out to define the precision and
accuracy of commercial psychrometers used in this study. The performance of
psychrometers as internal sensors in compacted sand-bentonite material was examined in
triaxial isotropic compression and shear tests. The usefulness of psychrometers as
moisture sensors in tracking in situ suctions and water contents in compacted clays was
investigated in the Buffer/Container Experiment.

Based on the results from these laboratory and in situ tests, the following
understanding has been derived. @ Under well-controlled laboratory conditions,
psychrometers can be used to measure suctions in compacted clays, as supported by the
results from suction tests (Chapter 5) and triaxial tests (Chapter 6). In the field, stress
and temperature boundary conditions cannot be properly controlled. When temperature
fluctuations and total stress changes are small such as the conditions encountered in the
pre-heating phase of the Buffer/Container Experiment, the instruments can be
successfully used to infer suctions and water contents. However, under the influence of
temperature and vapour pressure gradients, and the effect of stress-induced compression,
psychrometers may be limited to provide useful information on suctions, but not water
contents. Under these latter conditions, while precise water content values are uncertain,
the instruments are useful in providing qualitative but meaningful data on the trends of
moisture movement under the influence of temperature and hydraulic gradients (see
Section 9.7).

Geotechnical instruments are widely used in various civil, geotechnical, and
environmental projects for monitoring the performance of engineered structures under
field conditions. Interpretation of measurements from the instruments is often difficult.

This is because the precision and accuracy of the measurements are sometimes influenced
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by the intrusion of the instruments and by other external and environmental factors such
as temperature (Dunnicliff, 1988). An example is the use of embedment total pressure
cells to measure total pressures in soils. Difference in stiffness between the instruments
and the soil may lead to over-estimated or under-estimated values of total soil pressures.

This study showed that the interpretation of in situ suctions and water contents
using psychrometers is not straightforward. Because of the complexities in the suction-
water content relationships of compacted swelling clays, readings from the
psychrometers cannot be simply converted to suctions or water contents using simple
relationships obtained under constant laboratory conditions. Meaningful and useful
information from the instruments can only be gained through combination of an
understanding of the principles of operation of the instruments, an understanding of the
constitutive relationship of the soil, and comprehension of the coupled processes that
control heat and moisture movement. Results from this study also highlighted the
importance of total system analysis in field investigations of heat-moisture flow
phenomena in compacted swelling clays.

In light of the conclusions from this study, instrumentation schemes in future
sealing experiments for the disposal of radioactive waste, need to be planned and designed
such that information provided by the instruments is maximized to permit proper
interpretation of the data. For example, total pressure cells should be installed in close
proximity to psychrometers to facilitate proper interpretation of in situ suction and water
content measurements. If several types of moisture sensors are used, the instruments

should be installed in overlapped zones to allow cross checking of measurements.
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10.1

CHAPTER 10 CONCLUSIONS AND RECOMMENDATIONS

Background

The general purpose of this study was to investigate the usefulness of

thermocouple psychrometers as moisture sensors to track in situ suctions and water

contents in compacted clays. The specific objectives of this study identified in Chapter 2

were as follows:

1

2)

3)

4)

3)

to clarify the conditions under which psychrometers can be operated to provide
meaningful readings and data in the study of moisture movement and stress-strain
behaviour of unsaturated compacted clays.

to clarify the role of soil structure in controlling the vapour pressure, and hence
the suction in a soil.

To explore the use of contemporary unsaturated soil mechanics frameworks
similar to those proposed by Alonso et al. (1990), Gens and Alonso (1992), and
Delage and Graham (1995) to describe the inter-relationship of stress, volume
change, and suction of an unsaturated compacted sand-bentonite material
proposed for use in the disposal of heat-generating radioactive waste.

To develop a framework to incorporate the effects of stress variations and
distortions on suction measurements in compacted clays using thermocouple
psychrometers and other psychrometric methods.

To establish the bounds of accuracy and precision for thermocouple
psychrometers in tracking in situ suction and moisture transients under the
influence of temperature gradients and stress variations in clay barrier material

proposed for use in the disposal of radioactive wastes.

The results of the laboratory and in situ tests presented in this thesis indicate that the

above objectives have been met.
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10.2

1

2)

3)

4

3)

6)

Conclusions

The following conclusions are drawn from the studies.

Under constant temperature and pressure conditions, commercial thermocouple
psychrometers used in this study were accurate to be within + 6% of the actual
suction. They had a precision of +0.5uV for the suction range of 1.4 MPa to
5.3 MPa.

Providing that the temperature does not vary by + 5°C, the empirical formula
proposed by Wiebe et al. (1970) and Brown (1970) can be used for the
psychrometers used in this study to correct the measured outputs against
temperature effects for the range of 25°C to 50°C.

Suction tests at constant temperatures were carried out on a sand-bentonite
material, sand-illite material and Boom Clay using the psychrometer method,
vapour equilibrium technique, and filter paper technique. The suction-water
content relationships measured by the three methods were statistically
indistinguishable. This adds confidence in the use of psychrometers to measure
suctions under controlled laboratory conditions.

Based on the results from the suction and mercury intrusion porosimetry tests,
the total suctions in the sand-bentonite material, sand-illite material and Boom
Clay are controlled largely by clay-water interactions in the micropores.
Generally, osmotic suctions in the sand-bentonite material, sand-illite material and
Boom Clay are largely independent of water content and degree of saturation.
Changes in total suctions in these soils can be attributed to the changes in the
matric suction.

Triaxial isotropic compression tests were carried out to examine the effects of
total stress and volume change on suction measurements in compacted sand-

bentonite material using psychrometers. Under ‘undrained’ constant mass
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7

8)

9)

10)

11)

conditions, the total suction in an initially unsaturated specimen tended to
decrease with increasing total stress. Hysteresis in the suction paths was
generally observed during load-unloading cycling. The difference in suction paths
is associated with the different elasto-plasticty characteristics of the soil micro-
and macro-structures.

A qualitative conceptual elastic-plastic model was proposed to deal with the
behaviour of unsaturated sand-bentonite in q:p*:S space. This model adequately
explains the results of triaxial tests, and adds further confidence in the use of
psychrometers in measuring in situ suctions in compacted clays.

Under well-controlled laboratory conditions, psychrometers can be used to derive
values for the suctions in compacted clays of the type examined in these studies.
In the field, provided that temperature fluctuations and total stress changes are
small such as conditions encountered in the pre-heating phase of the
Buffer/Container Experiment, the instruments can be used successfully to derive
values for suctions and water contents.

Under the influence of temperature and vapour pressure gradients, and the effect
of stress-induced compression, psychrometers may be only useful to derive
values for suction but not water content. However, while the instruments cannot
indicate water contents precisely, given a total system analysis, the instruments
are useful in providing qualitative and meaningful data on the trends of moisture
movement.

Data from the psychrometers used in the Buffer/Container Experiment showed
that under the influence of changing temperature gradients such as the conditions
encountered in the annular region of the experiment during the heat phase,

moisture movement is dominated largely by the vapour phase. The mechanisms
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12)

13)

10.3

of vapour transfer need to be incorporated in conceptual and computer models for
the design of clay barriers for the disposal of radioactive waste.

Because of the complexities in the suction-water content relationships of
compacted swelling clays, readings from the psychrometers cannot be converted
to suctions or water contents using simple relationships obtained under constant
laboratory conditions. Psychrometer data are best applied in combination with
observations from other instrument types.

This study has provided a rationale for interpreting psychrometer data in
compacted clays. Meaningful and useful information from the instruments can be
attained through a combination of an understanding of the principles of the
operation of the instruments, an understanding of constitutive properties of the
soil, comprehension of the coupled processes that control heat and moisture flow

in soils, and total system analysis.

Recommendations

The more important recommendations arising from this work regarding both

research to clarify remaining uncertainties and the application and use of psychrometers

are as follows.

10.3.1 Laboratory studies

1)

2)

Triaxial tests should be carried out to define the exact shape of the yield hyper-
surfaces of the conceptual elastic-plastic model proposed in this study. This
model should also be extended to include the behaviour of unsaturated sand-
bentonite material in the v:S:p* space.

In this study, triaxial compression tests with suction measurements using

psychrometers were carried out under “undrained” constant mass conditions.
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3)

However, these tests did not simulate the partially drained conditions encountered
in the Buffer/Container Experiment. Controlled water uptake tests carried out in a
triaxial apparatus are recommended to better understand the suction-stress-water
content relationship measured under partially drained conditions.

Laboratory scale tests should be carried out to better quantify the effect of
temperature-induced vapour pressure gradients on the accuracy and precision of
psychrometers. Tests can be carried out on 0.5m long column-specimens of
compacted sand-bentonite material. In each specimen, psychrometers can be
installed in the compacted material at equal spacings along the length of the
specimen. Temperature gradients can be set up across the length of the specimen.
Changes in psychrometer outputs can be measured and correlated with the vapour

pressure gradients under different test boundary conditions.

10.3.2 In situ measurements

In future in situ experiments designed to study the behaviour of compacted clays,

instrumentation schemes should be planned and implemented such that information from

the instruments are maximized to allow proper interpretation of the data. The following

recommendations concern in situ suction and water content measurements on compacted

clays in future in situ experiments.

1)

2)

Total pressure cells should be used in conjunction with and installed in close
proximity to psychrometers to facilitate proper interpretation of in situ suction
and water content measurements. In this regard, a combined psychrometer/total
stress cell could be developed for this purpose.

If several types of moisture sensors are used, the instruments should be installed

in overlapped zones to allow cross checking of measurements.
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3)

4)

3)

Total suction measurements should be supplemented by pore air and pore water
pressure measurements using piezometers to provide information on pore
pressure conditions in the soil near or at full saturation.

Moisture sensors capable of measuring total suctions of up to 1500 kPa have been
developed at Imperial College, UK, by Ridley and Burland (1993). This type of
instruments may be used to infer suctions in the buffer near and at saturation.
The usefulness of the Imperial College moisture sensors to track in situ suction
and moisture transients in compacted sand-bentonite material should be
investigated.

The moisture sensor scheme for the Buffer/Container Experiment was designed
with the expectation that the instruments would provide usable information
throughout the experiment. Therefore, thermal needles were used in the dryer
buffer close to the heater where temperature gradients were steep; psychrometers
were installed in the wetter buffer next to the rock where temporal changes in
temperature were gradual. While psychrometers are influenced by the transient
effects of temperature, this study shows that the instruments can provide useful
information under constant temperature and pressure conditions. In future clay
barrier experiments in which heating is incorporated, psychrometers should be
installed in the soil near the heat source to provide information on the long term

suctions and water contents in the soil at steady state.
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Properties Kaolinite Hlite Montmorillonite

Planar diameter (um) 0.1-4 0.1-2 0.01-1

Basic layer thickness (um) 0.00072 0.001 0.001
Particle thickness (um) 0.05 0.005-0.03 0.001-0.01
Specific surface (m?/g) 5-20 8-120 700-800
Cation exchange capacity (meq/100g) 3-15 15-40 80-100
Plastic limit (%) 25-35 35-40 100

Liquid limit (%) 50-70 60-90 300-800
Table 2.1 Properties of common clay minerals (after Yong and Warkentin, 1975;

Hillel, 1980).



Methods Suction Suction Principle References
Range Components
Thermocouple 100 to Total Measure vapour Richards (1967);
psychrometer 7000 kPa pressure Briscoe (1984)
Filter paper Entire Total, Measure vapour Chandler and Gutierrez
method range matric, pressure (1986); Fredlund and
osmotic Rahardjo (1993)
Vapour Entire Total Control Campbell and Gee,
equilibrium range vapour pressure (1986); Wilson (1990)
method
Pore fluid Entire Osmotic Measure Balasubramonian
squeezer range thermal (1972);
conductivity of Krahn and Fredlund
pore fluid (1972)
Tensiometer <90 kPa Matric Measure water Anderson (1984);
and hydraulic tension Stannard (1991)
piezometer
Thermal < 300 kPa Matric Measure Phene et al. (1971);
conductivity thermal Fredlund and Rahardjo
sensor conductivity (1993)
Axis translation < 1500 kPa Matric Control air and Hiif (1956);
technique water pressures Fredlund and Rahardjo
(1993)
Table 2.2 Comparison of methods for measuring soil suctions.



Microvoltmeter Cooling Current Cooling Time

(mA) (s)
PR-55 6to9 20 to 40
HR-33T 8 20 to 40

Table 3.1 Cooling parameters used in this study.



Psychrometer Calibration R? Calibration  Calibration Standard Deviation Calibration Difference
Factor Factor Factor Error Of  Parameter Factor Between This
[This Study] [Lower 95%)] [Upper985%) Coefficient [Factory] Study & Factory
(kPa/uV) (kPa/uV) (kPa/uV) (%) (%) (kPa/pV) (%)
33913 245 1.00 239 250 22 81 284 394
35466 236 098 226 247 43 49 189 469
36001 208 1.00 205 212 18 78 227 188
36003 219 097 208 230 49 27 212 74
36006 198 0.85 174 222 121 137 214 16.0
36009 201 087 178 224 114 11.9 223 223
36021 28 0.93 217 239 50 14 N/A N/A
36262 215 0.80 202 229 64 44 223 78
36263 209 o 196 222 6.1 75 240 312
36264 219 0.90 205 232 6.2 28 234 15.0
36265 25 0.90 21 240 6.5 01 269 437
36266 208 0.89 194 222 69 81 236 279
36267 208 0.89 195 221 64 8.1 278 69.8
36268 215 0.89 200 229 66 48 234 19.1
36269 218 0.96 207 230 53 29 245 266
36270 21 0.89 203 239 83 17 219 1.8
36271 236 095 226 245 40 47 250 14.1
36272 192 0.98 184 199 40 17.2 240 486
36273 218 092 206 230 57 32 269 509
36274 214 0.91 201 27 6.0 49 243 284
36276 193 093 177 209 83 16.5 255 621
36277 247 0.96 238 255 35 89 N/A N/A
36279 213 0.98 205 222 41 55 243 296
36282 23 094 208 238 66 08 227 43
36284 188 0.99 181 194 36 199 219 317
36285 232 098 22 242 42 31 219 128
36286 231 098 223 240 38 29 217 14.0
36287 242 098 234 250 34 71 238 39
36293 311 095 293 330 6.0 278 243 686
36436 233 0.98 224 242 38 34 210 227
36437 224 0.96 213 235 47 04 192 N7
36438 24 096 223 245 50 41 200 344
36439 225 093 209 241 70 02 205 203
36441 255 0.95 242 268 5.1 119 207 487
36443 212 0.99 205 220 35 59 205 74
36446 229 088 209 249 89 18 223 57
36450 267 092 250 284 64 157 217 492
36454 225 097 215 235 43 01 221 39
36458 228 0.80 201 255 1.7 15 217 10.8
36467 246 085 221 n 100 86 N/A N/A
Average 225 093 212 238 58 6.7 229 270
Maximum 3N 1.00 293 330 1241 278 284 69.8
Minimum 188 0.80 174 194 18 0.1 189 18
Stand. Dev. 2 0.05 2 V4] 24 60 2 186
Count 40 40 40 40 40 40 37 K7d
N/A: Not available
Table 3.2 Comparison of psychrometer calibration factors.



Psychrometer A B C

y (kPa) 2158 2280 2411
T (°C) 10 25 50
RH (%) 98.4 98.4 98.4
Vo (kPa) 1.227 3.166 12.330
v (kPa) 1.207 3.114 12.133
eo (g/m3) 9.398 23.041 83.056
e (g/m3) 9.248 22.673 81.728
Ae (g/m3) 0.150 0.368 1.328
where ¢ is suction potential, T is temperature, RH is relative humidity, v,

is saturated water vapour pressure, vis partial vapour pressure,
e, is saturated absolute humidity, and e is absolute humidity.

Table 3.3 Comparison of vapour pressures and absolute humidities at different
temperatures.



Specimen  Material Test Initial Initial Initial Final Final Final
Number Type Water Bulk Dry Water Bulk Dry

Content Density Density Content Density Density

(%) (Mg/im®) _ (Mg/m®) (%) (Mg/m®) _ (Mg/m®)
P-18-80 S/B Single-stage  17.6 1.64 1.40 17.7 1.63 1.38
P-18-95 S/B Single-stage  17.6 1.99 1.69 17.8 1.97 1.68
P-20-80 S/B Singie-stage  19.6 1.69 1.41 19.5 1.69 1.42
P-20-95 S/B Single-stage  19.6 2.00 1.68 19.0 2.00 1.68
P-22-80 S/B Single-stage  21.5 1.68 1.38 20.8 1.66 1.38
P-22-95 S/B Single-stage  21.3 1.98 1.63 20.5 1.98 1.64
P-24-80 SB Single-stage  23.2 1.72 1.39 21.9 1.71 1.40
P-26-80 S/B Single-stage = 25.6 1.79 1.42 25.0 1.79 1.43
P-26-95 SB Single-stage = 25.6 1.96 1.56 25.0 1.93 1.55
SI-PSY-INC S/ Multi-stage 9.6 2.09 1.90 2.3 1.96 1.91
BC-PSY-INC BC Multi-stage 17.5 1.86 1.59 13.0 1.84 1.63

S/B  Sand-bentonite
S/ Sand-illite
BC Boom clay

Table 4.1

Summary of conditions of specimens tested by the psychrometer method.



Specimen "F&et H2804 ?otal Initial Initial Initial Final I-='inal ﬁnal 'T’otal
Number Type Concentration Suction Water Bulk Dry Water Bulk Dry Shrinkage

at25°C Content Density Density Content Density Density Strain

(g/mi) (MPa) (%) (Mg/m’) (Mg/m®) (%) (Mg/m?®) (Mg/m®) (%)

SB-L1-1.05 Single-stage 1.05 35 180 Uncompacted  Uncompacted 18.0 Uncompacted  Uncompacted N/A
8§B-12-1.05 Single-stage 1.05 35 18.0 Uncompacted Uncompacted 172 Uncompacted Uncompacted N/A
SB-L-1.10 Single-stage 1.10 86 180 Uncompacted Uncompacted 120 Uncompacted Uncompacted N/A
SB-80-1.10 Single-stage 1.10 86 180 1.65 140 11.9 168 1.50 712
S$B-95-1.10 Single-stage 110 86 180 1.88 160 122 191 1.70 6.51
$B-98-1.10 Single-stage 1.10 86 180 209 177 11.0 209 1.88 6.17
SB-L-1.15 Single-stage 115 162 168 Uncompacted  Uncompacted 15 Uncompacted  Uncompacted N/A
SB-80-1.15 Single-stage 115 162 168 1.64 140 106 163 148 526
SB-95-1.15 Single-stage 115 162 16.8 1.90 163 104 1.89 1.71 513
SB-98-1.15 Single-stage 115 162 16.8 200 1.72 98 1.90 1.73 0.72
SB-L-1.25 Single-stage 125 479 180 Uncompacted Uncompacted 70 Uncompacted Uncompacted N/A
SB-80-1.25 Single-stage 125 479 180 164 1.39 69 1.60 149 7.08
$B-95-1.25 Single-stage 125 479 180 1.93 163 71 1.86 173 620
S$B-98-1.25 Single-stage 125 479 180 1.98 1.68 70 190 177 564
SB-L-1.35 Single-stage 135 1024 16.8 Uncompacted Uncompacted 47 Uncompacted  Uncompacted N/A
S$B-80-1.35 Single-stage 1.35 1024 16.8 162 139 47 153 146 5.31
SB-95-1.35 Single-stage 135 1024 16.8 191 163 53 181 1.71 512
SB-98-1.35 Single-stage 135 1024 168 1.8 1.70 5.1 1.85 1.76 367
SB-L-1.50 Single-stage 150 2278 185 Uncompacted  Uncompacted 21 Uncompacted  Uncompacted N/A
SB-80-1.50 Single-stage 150 2279 185 1.60 135 22 N/A N/A N/A
SB-95-1.50 Single-stage 150 2279 185 184 1.55 21 N/A N/A N/A
S$B-98-1.50 Single-stage 150 2279 185 186 157 20 N/A N/A N/A
SB-L-1.70 Single-stage 1.70 4893 168 Uncompacted  Uncompacted 06 N/A N/A N/A
SB-80-1.70 Single-stage 1.70 469.3 168 163 1.39 06 150 149 6.90
8B-95-1.70 Single-stage 1.70 469.3 168 1.91 163 07 174 173 561
SB-98-1.70 Single-stage 170 4693 168 194 1.66 06 177 176 593
SB1-L-INC Multi-stage N/A N/A 180 Uncompacted Uncompacted 87 Uncompacted  Uncompacted N/A
SB2-90-INC Muiti-stage N/A N/A 180 1.90 161 89 1.90 174 799
SB3-85-INC Multi-stage N/A N/A 180 1.83 155 9.1 1.84 1.69 879
SB4-73-INC Multi-stage N/A N/A 180 1.57 1.33 9.1 1.62 148 1143
SB5-80-INC Multi-stage N/A N/A 180 1.60 1.35 9.0 161 148 9.38

N/A:  not available
Table 4.2 Summary of conditions of sand-bentonite specimens in the vapour equilibrium test series.




Specimen H2504 Total Initial Initial Initial Final Final Final Total
Number Concentration Suction Water Bulk Dry Water Bulk Dry Shrinkage
at25°C Content Density Density Content Density Density Strain
(g/ml) (MPa) (%) (Mg/m®) (Mg/m®) (%) (Mg/m®) (Mg/m®) (%)
SI-L1-1.05 1.05 35 100 Uncompacted Uncompacted 50 Uncompacted Uncompacted N/A
Si-2-1.05 1.05 35 100 Uncompacted Uncompacted 49 Uncompacted Uncompacted N/A
SI-L-1.10 1.10 86 86 Uncompacted Uncompacted 23 Uncompacted Uncompacted N/A
SI-80-1.10 1.10 86 86 1.86 172 22 177 173 064
S1-95-1.10 1.10 86 86 22 211 22 216 2.1 0.39
S1-98-1.10 1.10 86 86 230 212 22 219 214 082
SkL-1.15 115 162 100 Uncompacted Uncompacted 15 Uncompacted Uncompacted N/A
SI-80-1.15 115 162 100 1.88 1.71 16 175 172 079
S1-95-1.15 115 162 10.0 220 2,00 14 208 205 237
SI-98-1.15 115 162 100 232 211 15 216 212 0.82
SI-L-1.25 125 479 85 Uncompacted Uncompacted 10 Uncompacted Uncompacted N/A
S1-80-1.25 125 479 85 1.88 174 09 1.75 173 -0.05
S1-85-1.25 125 479 85 217 200 09 203 201 0.38
S1-98-1.25 125 479 85 223 206 08 215 213 372
SI-L-1.35 135 1024 100 Uncompacted Uncompacted 05 Uncompacted Uncompacted N/A
S1-80-1.35 1.35 1024 100 1.88 17 05 1.73 172 0.80
SI-95-1.35 1.35 1024 100 211 1.92 06 1.96 1.985 1.86
S1-98-1.35 135 1024 100 224 204 06 206 205 045
Si-L-1.50 1.50 2279 100 Uncompacted Uncompacied 02 Uncompacted Uncompacted N/A
S1-80-1.50 150 2279 100 1.84 167 03 1.69 1.68 0.89
S1-95-1.50 150 2279 100 218 1.98 03 202 201 145
S1-98-1.50 150 2279 100 224 203 03 209 208 252
SI-L-1.70 170 469.3 100 Uncompacted Uncompacted 0.1 Uncompacted Uncompacted N/A
SI-80-1.70 1.70 4693 100 1.85 168 0.1 1.70 170 136
S1-85-1.70 170 4693 100 221 201 0.1 202 202 0.51
S1-98-1.70 1.70 4693 10.0 225 204 0.1 207 207 141

N/A:  not applicable

Table 4.3

Summary of conditions of sand-illite specimens in the vapour equilibrium test series.



Specimen H2504 Total Initial Intial fnitial Final Final Final Total Dry

Number Concentration Suction Water Bulk Dry Water Bulk Dry Shrinkage
at25°C Content Density Density Content Density Density Strain
(g/ml) (MPa) (%) (Mg/m?) (Mg/m’) (%) (Mg/m’) (Mg/m’) (%)
BC-L1-1.05 1.05 35 150 Uncompacted Uncompacted 143 Uncompacted Uncompacted N/A
BC-L2-1.05 1.05 35 150 Uncompacted Uncompacted 14.3 Uncompacted Uncompacted N/A
BC-L-1.1 1.10 86 15.8 Uncompacted Uncompacted 100 Uncompacted Uncompacted N/A
BC-80-1.1 1.10 86 15.8 172 149 102 168 153 257
BC-95-1.1 110 86 15.8 206 1.78 103 201 1.82 244
BC-98-1.1 1.10 86 15.8 209 1.80 104 207 1.87 3.80
BC-L-§2-1.15 115 162 20 Uncompacted Uncompacted 69 Uncompacted Uncompacted N/A
BC-S3-1.15 1.15 162 154 202 1.75 75 1.96 1.82 397
BC-54-1.15 115 162 154 203 176 76 1.96 1.82 351
BC-L-1.15 1.15 16.2 21 Uncompacted Uncompacted 6.8 Uncompacted Uncompacted N/A
BC-95-1.15 1.15 162 157 204 1.76 74 1.94 1.80 234
BC-L-1.25 125 479 148 Uncompacted Uncompacted 56 Uncompacted Uncompacted N/A
BC-80-1.25 125 479 14.8 173 151 57 168 159 529
BC-95-1.25 125 479 148 1.97 172 57 1.91 1.81 507
BC-98-1.25 125 479 148 214 1.87 57 204 183 354
BC-L-1.35 1.35 1024 163 Uncompacted Uncompacted 35 Uncompacted Uncompacted N/A
BC-80-1.35 1.35 1024 143 171 150 34 161 156 368
BC-95-1.35 135 1024 143 201 1.76 34 1.90 1.84 447
BC-98-1.35 1.35 1024 143 204 178 34 1.90 1.83 285
BC-L-1.5 150 279 14.3 Uncompacted Uncompacted 19 Uncompacted Uncompacted N/A
BC-80-1.5 1.50 2279 143 175 153 19 163 160 443
BC-95-1.5 1.50 2279 143 203 177 43 191 1.83 317
BC-98-1.5 1.50 279 143 208 1.82 18 1.88 1.85 149
BC-L-1.7 1.70 469.3 17.7 Uncompacted Uncompacted 03 Uncompacted Uncompacted N/A
BC-80-1.7 1.70 4683 17.7 177 151 04 159 159 547
BC-95-1.7 1.70 4693 17.7 200 1.70 04 1.81 1.80 581
BC-98-1.7 170 469.3 177 206 175 04 1.88 1.87 6.80

N/A:  not applicable

Table 4.4

Summary of conditions of Boom clay specimens in the vapour equilibrium test series.



series.

Specimen Initial Initial Initial Final Final Final
Number Water Bulk Dry Water Butk Dry
Content Density Density Content Density Density
(%) (Mg/m?®) (Mg/m?®) (%) (Mg/m?) (Mg/m?®)
SB1080-FP 10.2 1.55 1.40 9.7 1.62 1.39
SB1090-FP 10.2 1.73 1.57 9.4 1.72 1.67
SB1095-FP 9.5 1.81 1.65 9.1 1.79 1.64
SB1280-FP 12.0 1.58 1.41 11.0 1.56 1.40
SB1290-FP 12.0 1.77 1.58 11.5 1.75 1.57
SB1295-FP 12.0 1.85 1.65 11.0 1.83 1.65
SB1480-FP 13.6 1.60 1.41 13.1 1.568 1.40
SB1490-FP 13.6 1.78 1.57 13.2 1.77 1.56
SB1495-FP 13.6 1.88 1.65 133 1.84 1.63
SB1680-FP 16.3 1.62 1.40 15.0 1.61 1.40
SB1680-FP2 16.4 1.63 1.40 14.8 1.62 1.41
SB1690-FP 16.3 1.84 1.59 15.0 1.85 1.61
SB1695-FP 16.7 1.93 1.67 14.9 1.92 1.67
SB1695-FP2 16.4 1.91 1.64 16.2 1.91 1.66
SB1880-FP 18.1 1.67 1.41 16.9 1.67 1.43
SB1880-FP2 17.6 1.65 1.40 16.9 1.65 1.41
SB1890-FP 17.0 1.84 1.57 16.3 1.83 1.57
SB1895-FP 17.0 1.94 1.66 16.5 1.94 1.66
SB1895-FP2 17.6 1.97 1.68 17.0 1.97 1.69
SB2080-FP 20.0 1.68 1.40 18.9 1.67 1.41
SB2090-FP 20.0 1.86 1.65 19.8 1.86 1.55
SB2095-FP 20.0 2.00 1.67 19.7 2.01 1.68
SB2280-FP 221 1.71 1.40 20.1 1.71 1.42
SB2280-FP2 21.8 1.71 1.41 17.2 1.71 1.46
SB2290-FP 22.1 1.92 1.57 20.9 1.94 1.61
SB2295-FP 22.0 2.04 1.67 217 2.01 1.65
SB2295-FP2 21.8 2.02 1.65 16.9 2.01 1.72
SB2480-FP 24.0 1.74 1.40 22.9 1.73 1.41
SB2490-FP 24.0 1.96 1.568 228 1.98 1.61
SB2495-FP 240 2.00 1.61 22.4 1.98 1.62
SB2680-FP 25.3 1.77 1.41 24.0 1.77 1.42
SB2690-FP 253 1.96 1.57 22.7 1.93 1.58
SB2695-FP 25.3 1.93 1.54 24.5 1.91 1.63
Table 4.5 Summary of conditions of sand-bentonite specimens in the filter paper test



Specimen - Initial Initial Initial Final Final Final

Number Water Bulk Dry Water Bulk Dry

Content Density Density Content Density Density

(%) (Mg/m®) (Mg/m®) (%) (Mg/m®) (Mg/m®)
SI10580-FP 5.0 1.79 1.71 5.0 1.77 1.69
SI0780-FP 6.4 1.83 1.72 6.5 1.82 1.71
S10980-FP 9.3 1.85 1.69 8.9 1.84 1.69
S11180-FP 11.1 1.94 1.75 10.9 1.90 1.71
S11380-FP 13.2 2.09 1.85 12.4 2.08 1.85
SI10590-FP 5.3 2.01 1.90 5.1 2.01 1.91
SI0790-FP 7.2 2.04 1.90 6.9 2.04 1.91
SI10990-FP 9.2 2.08 1.91 9.1 2.10 1.92
S11190-FP 10.9 2.15 1.94 10.7 2.15 1.94
S11390-FP 13.3 2.16 1.91 12.6 2.18 1.94
S10595-FP 5.3 2.12 2.01 5.3 2.11 2.00
S10795-FP 7.2 2.16 2.01 6.8 2.18 2.04
S10995-FP 9.2 2.19 2.00 8.9 2.21 2.03
SI1195-FP 10.9 2.24 2.02 10.8 2.22 2.01
S11395-FP 13.3 2.28 2.01 12.4 2.23 1.98

Table 4.6 Summary of conditions of sand-illite specimens in the filter paper test

series.



Specimen Initial Initial Initial Final Final Final
Number Water Bulk Dry Water Bulk Dry

Content Density Density Content Density Density

(%) (Mg/m?) (Mg/m®) (%) (Mg/m®) (Mg/m?®)

BC1180-FP 10.7 1.70 1.563 10.7 1.69 1.53
BC1380-FP 13.3 1.76 1.65 13.1 1.75 1.55
BC1580-FP 17.4 1.81 1.54 16.9 1.79 1.54
BC1780-FP 19.5 1.83 1.53 18.8 1.83 1.54
BC1190-FP 12.7 1.99 1.77 12.0 1.98 1.77
BC1390-FP 12.9 2.05 1.81 12.2 2.02 1.80
BC1590-FP 14.1 2.06 1.80 13.7 2.04 1.79
BC1790-FP 16.6 2.09 1.79 15.9 2.09 1.80
BC1790-FP2 17.0 2.16 1.85 16.8 2.1 1.81

Table 4.7 Summary of conditions of Boom clay specimens in the filter paper test

series.



Specimen Test Psychrometer Volume Initial Initial Initial Final Final ﬁnal ?otal

Number type Change Moisture Bulk Dry Moisture Bulk Dry Volume
Measurement Content Density Density Content Density Density Strain
(%) (Mg/m?®) (Mg/m®) (%) (Mg/m’) (Mg/m®) (%)

SB1780TX Isotropic compression Yes No 17.3 1.65 1.41 16.5 193 1.66 14.90

SB1880TX Isotropic compression Yes No 18.0 1.71 1.45 214 172 141 -2.80*
SB1895TX Isotropic compression Yes No 187 197 1.66 183 206 1.74 485
SB1980TX Isotropic compression Yes No 187 1.66 1.40 18.0 197 167 15.81
SB1995TX Isotropic compression Yes No 200 1.99 1.65 195 202 169 242
SB2080TX Isotropic compression Yes No 200 1.69 141 194 2.08 174 18.76
SB2180TX Isotropic compression Yes No 211 171 141 200 202 169 1565
SB2280TX Isotropic compression Yes No 220 17 1.40 211 1.90 157 1013
SB2295TX Isotropic compression Yes No 20 2.00 1.64 208 206 17 360
SB1880TS1 Shear compression Yes No 188 1.68 142 180 N/A N/A N/A
SB1880TS2 Shear compression Yes No 19.0 167 140 183 194 1.64 13.73
SB1880TS3 Shear compression Yes No 186 167 141 173 181 1.54 772
SB1880TS4 Shear compression Yes No 18.1 1.69 143 17.3 1.96 167 1365
S$B2180V1 Isotropic compression No Yes 203 175 145 200 201 167 13.10
SB1995v2 Isotropic compression No Yes 193 1.98 1.66 185 2.06 172 329
SB1680V3 Isotropic compression No Yes 164 1.62 1.40 163 197 170 1763
SB1880V4 Isotropic compression No Yes 186 1.66 140 187 198 166 15.85
SB1895V5 Isotropic compression No Yes 187 1.97 1.66 184 203 172 302
SB3080V6 Isotropic compression No Yes 285 1.82 1.42 288 193 150 599

N/A:  not available
* Leakage problem

Table 4.8 Summary of sand-bentonite specimens in the triaxial test series.



Specimen  Final water Final dry Total suction at Total suction at Total suction at Total suction

content density the start of the end of 15‘ the end of 2nd at the end of

compression  unloading cycle unloading cycle test

(%) (Mg/m3) (kPa) (kPa) (kPa) (kPa)

SB1895TX 18.3 1.74 4460 4130 3960 4100
SB1980TX 18.0 1.67 4160 N/A N/A 4465
SB1995TX 19.5 1.69 4085 N/A N/A 3905
SB2080TX 19.4 1.74 2980 N/A N/A 2170
SB2180TX 20.0 1.69 3430 3090 2950 3080
SB2295TX 20.8 1.71 2445 2270 1840 1320

N/A: not applicable

Table 6.1 Comparison of measured total suctions at ambient atmospheric pressures.



Calculated
Suction from Suction from
large pore mode  small pore mode

Material

Measured

Suction Water Content

(MPa) (MPa) (MPa) ' (%)
Sand-bentonite  0.002 to 0.048 2910 72.0 1 to 500 25t0 1
Sand-illite 0.002 to 0.041 0.6 to 72.0 0.5 to 500 13to 1
Boom clay N/A 0.3 to 72.0 1 to 500 20 to 1

N/A:  not available

Table 9.1 Comparison of calculated and measured suctions in compacted clays.
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Figure 2.1 Structure of (a) kaolinite, (b) illite, (¢) montmorillonite
(after Yong and Warkentin, 1975).
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Figure 2.2 A simple unsaturated soil system.
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Figure 2.3 Effect of water content on curvature of air-water interface
(after Spangler, 1960).
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Figure 2.4 Effect of particle size on curvature of air-water interface
(after Spangler, 1960).
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Figure 2.5 Influence of state of packing of soil on curvature of air-water interface
(after Spangler, 1960).
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Figure 2.6 Influence of wetability of soil grains on curvarture of air-water interface
(after Spangler, 1960).
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Figure 2.7 Comparison of suction-moisture content relationships between a clayey
soil and a sandy soil.
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Figure 2.8 A schematicof the normal consolidation line (NCL) and critical state line
(CSL) of a saturated soil.
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Figure 3.1 Relation between saturated vapour pressure of water, dew point, and wet bulb depression
(after Monteith, 1973).



Figure 3.2 Thermocouple psychrometer: Wescor Type PCT-55.
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Figure 3.3 A schematic of a Wescor Type PCT-55 psychrometer (after Briscoe, 1984).
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Figure 3.4 An output of a psychrometer used in the psychrometric mode.

40



5000 - . r . .

4000

3000

2000

SUCTION POTENTIAL (kPa)

1000

o 1 1 ! 1
0.0 04 0.8 1.2

MOLAL CONCENTRATION (mol/kg)

Figure 3.5 Suction potential-molal concentration relationship for KCI at 25°C.
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Figure 3.6 Psychrometer calibration scheme.
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Figure 4.6 Vapour equilibrium test.
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Figure 4.12 High pressure resistant burette.



Figure 4.13 Specimen chamber used in volume change measurement scheme.
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Figure 4.16 Compaction mould with removable collar.



Figure 4.17 Stainless steel tee-shaped ram.
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Figure 4.18 Specimen preparation and psychrometer installation.



Figure 4.19 Top cap fitted with a Conax™ fitting.
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Figure 6.6 Total suction-total stress relationship: Specimen SB2280TX.
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Figure 6.12 Total stress paths of sand-bentonite specimens tested in shear compression tests.
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Figure 6.19 Volume strain-total stress relationship of Specimen SB1680V3.
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Figure 6.20 Volume strain-total stress relationship of Specimen SB1880V4.
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Figure 6.21 Volume strain-total stress relationship of Specimen SB1895VS5.
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Figure 6.22 Volume strain-total stress relationship of Specimen SB3080V6.
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Figure 6.23 Comparison of volume strain-total stress relationships of "low density" sand-bentonite specimens.
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Figure 7.2 SEM micrographs of the soil structure in compacted sand-clay materials (low
magnifications X12 & X13).
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Figure 7.3 SEM micrographs of the soil structure in compacted sand-clay materials (high
magnifications X5000).
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Figure 8.3 Modified and conventional Wescor psychrometers.
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Figure 8.5 Evolution of temperature in the Buffer/Container Experiment.
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Figure 8.9 Total pressure responses in the Buffer/Container Experiment.
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Figure 8.10 Total pressure responses in the Buffer/Container Experiment.

1000

BG8



TOTAL PRESSURE (kPa)

1200

800 -

400 -

1 1 l 1 i 1 1 1 !

0 200 400 600 800
ELAPSED TIME IN DAYS SINCE NOV. 20, 1991

—BG11 — —BG12 - - - -BG13

Figure 8.11 Total pressure responses in the Buffer/Container Experiment.
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Figure 8.12 Total pressure responses in the Buffer/Container Experiment.
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Figure 8.18 Total suction responses in the Buffer/Container Experiment.
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Figure 8.19 Total suction responses in the Buffer/Container Experiment.
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Figure 8.20 Total suction responses in the Buffer/Container Experiment.
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Figure 8.21 Water content-time relationships in the Buffer/Container Experiment determined from psychrometer outputs.
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Figure 8.22 Water content-time relationships in the Buffer/Container Experiment determined from psychrometer outputs.
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Figure 8.27 End-of-test water content distribution in the Buffer/Container Experiment.
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Figure 8.29 Comparison of water content measurements at the end of the Buffer/Container Experiment.
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Figure 9.3 Volume strain-total stress relationships of unsaturated sand-bentonite material.
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Figure 9.4 Volume strain-total stress relationships of unsaturated sand-bentonite material.
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Figure 9.5 Relationship between pressure at first-yield and average compaction pressure in unsaturated sand-bentonite material.
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Figure 9.6 Sponge-ball model to demonstrate the effect of compression on
soil macro- and micro-structures.
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Figure 9.7 Comparison of total suction-total stress relationships of unsaturated sand-bentonite specimens formed to specified dry densities
and water contents.
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Figure 9.8 Comparison of total suction-total stress relationships of unsaturated sand-bentonite specimens formed to specified dry densities
and water contents.
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Figure 9.9 Comparison of total suction-total stress relationships of unsaturated sand-bentonite specimens formed to specified dry densities
and water contents.




Figure 9.10  Yield surface for unsaturated soils (after Wheeler and Sivakumar, 1995).
(Note: The yield surfaces on which points C, E, and G lie are omitted for
clarity)



Figure 9.11  Schematic of load-induced yielding and development of a
hardening surface (after Alonso et al., 1987).
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Figure 9.12 A conceptual model for unsaturated sand-bentonite material.
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Figure 9.13 Stress path of Specimen SP1.
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Figure 9.14 Stress path of Specimen SP2.
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Figure 9.15 Stress path of SP3.
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Figure 9.16 Stress path of SP4.
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Figure 9.17  Pore water potential contours and interpreted flow paths - zero head elevation at emplacment hole collar

(after Graham et al. 1996).
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Figure 9.18 Comparison of water content change between psychrometer BX8 and thermal needle BN4.
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Figure 9.19 Swelling pressure development in saturated buffer
and compression of unsaturated buffer.
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Figure 9.20 Interpretation of water content changes measured by psychrometers and thermal needles in the Buffer/Container

Experiment at specified times since heater activation.
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Figure 9.21 Total pressure and total suction responses in the Buffer/Container Experiment.





