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Abstract

Freeze-thaw cycles have been widely recorded in cold areas and are considered
one of the most destructive phenomena in these areas. In addition to weather
induced temperature changes, soil can experience freeze-thaw cycles when cer-
tain engineering applications are introduced, such as ground freezing. Previous
studies have raised concerns related to the e ect of freeze-thaw cycles on soil
properties. However, clear understanding of the e ect of freeze-thaw cycles on
the shear strength it is still a challenge. Understanding and evaluation of the
behaviour of soils when subjected to freeze-thaw cycles is extremely important in
order to design and analyse construction in these conditions.

Sand with a percentage of silt is widely present in the eld. However, the e ect

of silt content on the shear strength of silt-sand mixtures which were exposed to
di erent numbers of freeze-thaw cycles has not been studied yet. Hence, in this
novel study, experimental work has been carried out to investigate the impact of

di erent silt ratios in silt-sand mixtures (consisting of Congleton sand and silt)
after exposure to di erent numbers of freeze-thaw cycles. Firstly, a novel freeze-
thaw system was designed by developing a standard triaxial system to include
freeze-thaw cycles in addition to standard triaxial functions. The rst series of
tests in this study were carried out by using the developed freeze-thaw triaxial
system on samples of silt-sand mixtures containing 10% silt and 90% sand which

were prepared at high density.
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The results showed that both sti ness and the undrained shear strength reduced
with the increase in number of freeze-thaw cycles as the soil loosened. If the
number of cycles increased to more than ve, both sti ness and undrained shear
strength tended to stabilise as a general trend. Regardless of the number of cy-
cles, the stress ratios at the critical state were mostly the same.

In order to investigate the e ect of silt content, the second series of tests were
conducted on di erent silt-sand mixtures of 0%, 25%, 50%, 75% and 100% silt
content using direct shear test. The results indicated that with increase in the
percentage of silt in the silt-sand mixtures, soil shear strength decreased. More-
over, for the sample containing 100% sand, the freeze-thaw cycles had an e ect on
the density of the samples and led to loosening of the sample. Irrespective of the
number of cycles, all the samples of 100% sand reached the same shear strength
at ultimate condition. However, for the samples containing 25%, 50%, 75% and
100% silt, the results indicate that the freeze-thaw cycles had two e ects; in addi-
tion to loosening the samples, it broke the silt particles in to a smaller pieces. The
latter e ect resulted in a decrease in shear strength at the ultimate condition.
Despite the di erences between the conditions used in freeze-thaw triaxial tests
and the direct shear tests carried out in this study, the results of both tests showed
that freeze-thaw cycles caused loosening of soils, and that the shear strength de-
creased when the number of cycles increased up to ve cycles. In addition, the
results showed that there was no signi cant di erence between soil shear strengths
when the number of cycles used increased to more than ve cycles.

Based on the results of the direct shear test series, a novel empirical equation was

derived which can predict changes in the drained shear strength of soils at the
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ultimate condition. This applies to soils with di erent silt contents within the
silt-sand mixtures after exposure to varying numbers of freeze-thaw cycles. The
equation showed a good agreement with the experimental results of this study
and was successfully validated against the experimental results of previous stud-
ies. The nding of the study provided a clear vision of the e ect of freeze-thaw
cycles on the shear strength of silt-sand mixtures. This can predict the damage
caused by freeze-thaw cycles, and with the availability of the analytical equation,
it is now easier to predict the change in shear strength for di erent silt-sand

mixtures when subjected to varying numbers of freeze-thaw cycles.

Vi



Acknowledgements

I would like to begin my acknowledgement with the praise of All-Mighty ALLAH,
the Most Gracious and Most Merciful, who has bestowed upon me all his mercy
and blessings to enable me to complete this work.

| wish to express my gratitude and appreciation to my supervisors Dr. Charles
Heron and Dr. Alec Marshall for their time, guidance, support and patience
throughout my doctoral program.

| am also grateful to the technical sta at the Nottingham Centre of Geome-
chanics (NCG) for their help and support during the experimental work and
for facilitating my access to the laboratory during weekends. This includes Mike
Langford, Andrew Maddison, Mark Dale, Meakin James, Lee Hickling, Luke Bed-
ford, Steven Lawton and Steven Gange .

Special thanks go to Dr. Dimitris Kalogiros from School of Mathematical Sci-
ences at the University of Nottingham for his time and discussion, both of which
helped me develop the mathematical model in this thesis.

In addition, my sincere thanks go to the Higher Committee for Education Devel-
opment in Iraq for the nancial funding of my scholarship, and for their patience
and support for the last ve years.

I would like to gratefully acknowledge the support of Dr.Ali Tasaloti, Dr.Mohsen
Masoudian and my colleague Dr.Hussein Al-Sarri for all their valuable scienti c
discussions. Special thanks also go to Dr. Amid Hashemi for his endless help
during my study and his support in developing my skills in using Matlab.

| would like to express my sincere appreciation to my PhD colleague Huw Bor-

Vil



Acknowledgements

radaile for his help in proofreading the English language of the thesis. My thanks
also extends to Ms. Catherine Doran for her help in the linguistic revision of the
thesis.

Many thanks to all my friends for creating time for me and supporting me through
the di cult time, especially Noora and Igbal.

No words can express my thanks to my beloved husband Yasir for his love and
encouragement, and for taking on all the other responsibilities of our family in
order to give me the time | need to just focus on study. Without him, completing
this work would have not been possible.

A huge thank you also to my lovely, brave children, Ahmed and Muntadher, who
endured their mum coming home late every day and working seven days a week,
and missing many priceless moments with them. Together, we are all proud of
what we have achieved. My thanks and love go to my extended family; my father
and mother, my sisters and my brother for their valuable words and advice, and
their love and encouragement to pass through this di cult time.

During my PhD journey, | met many people in Nottingham who helped me in

this study; my thanks also go to all of them.

viii



List of Abbreviations

Thermal conductivity

Friction angle

E ective friction angle

Density of the liquid inside the pipe

Density of water at 20C

Density of water at 4 C

E ective normal stress

Axial stress

Cell pressure

Interfacial energy ice/water

Shear stress

Nomenclature



Nomenclature

0 Shear strength at zero freeze-thaw cycle

a Axial strain

h Horizontal strain

v Volumetric strain

C  Celsius degree

A Cross sectional area

a Parameter related to percentage of silt in the mixture

b Parameter related to the number of freeze-thaw cycles

C. Curvature coe cient

Cp Speci ¢ heat of the liquid

Cy Uniformity coe cient

D, Relative density

e Void ratio

Eo  Young modulus at zero freeze-thaw cycle

F Axial force

f Numbers of freeze-thaw cycles

L Length of the copper pipe inside the cell

L Height of the cell



Nomenclature

M

R1

R>

R3

R4

Fiw

To

Critical state stress ratio

Mass of water

Mass ow rate

Porosity of the soil

Mean e ective stress

Heat conduction/Heat transfer

Deviatoric stress

Volumetric ow rate

Internal radius of the cell

External radius of the cell

Internal radius of the pipe

External radius of the pipe

Radius of interfacial curvature between ice and water

Freezing temperature

Temperature inside the cell

Temperature outside the cell

Temperature of the liquid in the inlet of the pipe

Temperature of the liquid in the outlet of the pipe

Xi



Nomenclature

tf

Ui

Uw

Vi

\Z

Wo

Temperature inside the pipe

Temperature outside the pipe

Required time to failure

Ice pressure

Pore water pressure

Volume of water inside the sample at 2@

Volume of water inside the sample at 4C

Water content

Moisture content at subzero temperatures

Moisture content of the unfrozen soil

Percentage of silt

Xii



Contents

Contents Xiii
List of Figures Xviii
List of Tables XXViil
1 Introduction 1
1.1 Background . . . . . . . .. ... 1
1.2 Aims and objectives . . . . .. ... 4
1.3 Methodology .. ... ... ... . . ... .. 5
1.4 Thesisoutline . .. .. ... ... .. . .. .. . 7
2 Literature Review 9
2.1 Introduction . . . . . . . . ... e 9
2.2 Physics of soil freezing and thawing . . . . . . .. .. ... .... 9
221 Freezing ProCeSS . . . . . v v v v e e e e 9
222 Capillarymodel . . . .. ... .. ... ... ... ..., 10
2.2.3 Unfrozenwatercontent. . . . ... .. ........... 11

Xiii



Contents

224 Thaw settlement . .. ... ... ... ... ... . ..., 14
2.3 Dierent conditions of soil freezing . .. ... ... ... ..... 14
2.4 E ect of freeze-thaw cycles on the properties of soils . . . . . . .. 16

2.4.1 E ect of freeze-thaw cycles on the void ratio and perme-
abilityofsoils . . . ... ... o 16

2.4.2 E ect of freeze-thaw cycles on the consolidation properties 20

2.4.3 E ect of freeze-thaw cycles on slope stability . . . . . . .. 22
2.4.4 Behaviour of soils with di erent grain size distributions . . 23
2.45 E ect of freeze-thaw on the resilient modulus . . . . . .. 26
2.4.6 The e ect of freeze-thaw cycles on soil stiness. . . . . .. 28
2.4.7 E ect of freeze-thaw on the shear strength . . . . . .. .. 30
2.5 Eect of nes on the shear strength of sand-silt mixtures . . . . . a7
2.6 Concludingremarks. . . .. ... .. .. . .. ... 52
3 Freeze-Thaw Triaxial System Design 55
3.1 Introduction . . . . . . . . . . ... 55

3.2 Dierent experimental techniques for investigating the e ect of

freeze-thaw cycles . . . . . . . . . ... L 55
3.3 Designobjectives . . . .. ... 63
3.4 Cooling system design considerations . . . .. .. .. ... .... 64
3.5 Systemcomponents . . . . . . ... e e 66
3.5.1 The triaxial components . . . . . ... .. ... ... ... 69
3.5.2 The freezing components . . . . . ... ... .. ...... 71
3.6 Preparatory testing of the apparatus . . . . ... .. ... .. .. 73
3.6.1 Testone ... .. .. ... ... ... 74



Contents

3.6.2 Testtwo . . .. .. .. . ... 75
3.6.3 Testthree . . . . . . . . .. ... ... 76
3.6.4 Testfour. ... ... ... . ... ... ... .. 77
4 Materials and Methodology 80
4.1 Introduction . . . . . . . ... 80
4.2 Materials . . . ... 80
4.3 Physical properties of materials . . . . .. ... ... ... .... 81
4.3.1 Compaction CUrVeS . . . . . . . . v v v i e 82
4.3.2 The maximum and minimum void ratio . . . . . . ... .. 84
4.4 Testing procedure for freeze-thaw triaxial tests . . . . . . ... .. 86
4.4.1 Saturation stage and consolidation stage . . .. ... ... 87
4.4.2 Experimental set up of freeze-thaw system . . . ... ... 88
443 Shearingstage. . . . . ... .. ... e 89
4.5 Testing procedure for directshear . . . . .. ... ... ...... 91
45.1 Preparingthesample . . . . ... .. ... ... ...... 92
452 Saturationstage. . . . . . .. ... e 94
453 Freeze-thawcycles . .. ... .. ... ... .. ... ... 95
454 Consolidationstage . . . . ... ... ... .. ....... 95
455 Shearingstage. . ... .. .. ... .. ... ... .. 97
4.6 Grain size distribution test after direct sheartest . . . ... . .. 97
47 Summaryoftests . . . . . . . ... 98
5 The Behaviour of Soil under Freeze-Thaw Cycles 102
5.1 |Introduction . . . . . . . . . . ... 102

XV



Contents

5.2 Physical propertiesofthesoil . . ... ... ... ......... 103
5.3 Behaviour of non-frozensoils . . . . . ... ... .. .. ... ... 104
5.3.1 Undrained behaviour of non-frozen soil . . . . . ... ... 104
5.3.2 Drained behaviour of non-frozensoil . . ... ... .. .. 107
5.4 The e ect of freeze-thaw cycles on the behaviour of soil . . . . . . 108
5.4.1 Ethylene glycol volume changes during freezing . . . . .. 109
5.4.2 Water volume changes inside the sample during freezing . 111
5.4.3 Ethylene glycol volume changes during thawing . . . . . . 114
5.4.4 Water volume change inside the sample during thawing . . 115
5.4.5 The stress-strain behaviour of soil after di erent numbers
of freeze-thawcycles . .. .. ... ... .. ... ..... 126
5.5 Repeatability oftestresults . . . . .. ... .. ... ... .. .. 137
5.6 Conclusions . . . . . . ... 138
6 E ect of Silt Content on Shear Strength 141
6.1 Introduction . . . . . . . . . . ... 141
6.2 Factors a ecting the shear strength of soil with di erent percent-
agesof nes . .. ... . 142
6.3 The physical properties of silt-sand mixtures . . . . . .. ... .. 144
6.4 Sand behaviour under di erent stresslevels. . . . ... ... ... 145
6.5 Silt behaviour under dierent stresslevels . . .. ... ... ... 148
6.6 Shear strength behaviour of di erent silt-sand mixtures . . . . . . 150
6.7 E ect of di erent numbers of freeze-thaw cycles on samples with

pure sand . . . ... L e e e 153

XVi



Contents

6.8 E ect of di erent numbers of freeze-thaw cycles on samples with
25% silt . . . 155
6.9 E ect of di erent numbers of freeze-thaw cycles on samples with
50% silt . . . .. 158
6.10 E ect of the di erent numbers of freeze-thaw cycles on samples
with 75% silt . . . . . . . . 160
6.11 E ect of di erent numbers of freeze-thaw cycles on samples with
100% silt . . . . . . 162

6.12 Comparison the e ect of di erent silt fraction on shear strength

after di erent numbers of freeze-thaw cycles . . .. ... ... .. 164

6.13 Grain size distribution after thetests . . . .. .. ... ... ... 166

6.14 Development of an empirical prediction method . . . .. .. ... 169

6.15 Validation of the equation . . . . .. ... ... ... ....... 174

6.16 Concludingremarks. . . . . . . .. ... . ... ... o 178
7 Conclusions and Recommendations for Future Work 181

7.1 OVEIVIEW . . . . . . o e e e e 181

7.2 Recommendations for futureresearch . . . . .. ... ... .. .. 185
References 189
Appendix A Calculations for the length of copper pipe 201

A.l Introduction . . . . . . . ... ... 201
Appendix B The calibration of the thermistors 206
Appendix C Matlab code 208

XVii



11

1.2

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

List of Figures

Modern application elds of arti cial ground freezing (Van den
Bosch, 2015). . . . . . ... 2

Damage to engineering structures in the NLCY (Wang et al., 2015). 3

Idealized capillary pore (Harris, 1995). . .. ... ... ... ... 11
Unfrozen water content-temperature curves for the soil types used

in the hydraulic conductivity tests (Burt and Williams, 1976). . . 13
Unfrozen water content curve (Zhang and Michalowski, 2015). . . 13
Freezing process in open and closed systems (after Jones, 1987). .
Schematic diagram of idealised types of particle orientations for

(a) clayey silt, and (b) silty clay (Chamberlain and Gow, 1979). . 18
Residual void ratio in terms of freeze-thaw (Viklander, 1998).. . . 19
Variation in hydraulic conductivity with sample initial compaction

energy from exible wall permeameter tests (Sterpi, 2015). . ... 20
Oedometer consolidation curves for a clay in unfrozen and post-

thawed states (Qietal., 2006). ... ................ 21

XViii



List of Figures

2.9 Coe ecient of consolidation with number of freeze-thaw cycles from

two sites | and G (Paudel and Wang, 2010). . .. ... ... ... 21
2.10 Schematic illustration of the fragmentation process of soil mineral

particles (Zhang et al., 2016). . . .. .. .. ... ... ... ... 24
2.11 Schematic illustration of the aggregation of soil mineral particles

(Zhang etal.,, 2016). . .. .. .. . . . . ... e 25
2.12 Changes in sand, silt, and clay fraction of original (a) and remolded

(b) soil specimens with the increasing number of freeze-thaw cycles

(Zhang etal., 2015). . .. .. ... . .. ... .o 26
2.13 Change in the resilient modulus at a pressure of 100kPa with dry

unit weight (Qietal.,,2008). . . . .. ... ... ... ....... 27
2.14 Elastic modulus under freeze-thaw cycles (Liu et al., 2016). . . . . 28
2.15 Change of elastic modulus with the numbers of freeze-thaw cycles

under e ective con ning pressure of 100kPa (Tang et al., 2018). . 29
2.16 Variation of elastic modulus with the number of freeze-thaw cycles

Xianetal., 2019). . . . ... . . ... . 30
2.17 Stress paths in spacp®= 0., q= 2. followed by a) undisturbed b)

freeze-thaw samples (Graham and Au, 1985).. . . . .. ... ... 32
2.18 Pore water pressure generation inp? 2, u/ 9. (Graham and

AU, 1985). . o o 32
2.19 Moisture-cohesion curves and moisture internal friction curves be-

fore and after frozen-thaw with 95% soil compaction (Guo and

Shan, 2011). . . . . . . . e 33

XiX



List of Figures

2.20 Stress train curves of compacted loesses specimens under freeze-

thaw (FT) cycles (Lietal.,,2018). . . . ... ... ... ...... 34
2.21 Uncon ned compressive strength versus number of freeze-thaw cy-

cles (Lietal, 2018). . . ... .. ... .. .. ... ... 34
2.22 Stress-strain behaviour under di erent numbers of freeze-thaw cy-

cles under e ective con ning pressure of 100kPa (Tang et al., 2018). 35

2.23 Variation in failure strength versus freeze-thaw cycles (Tang et al.,

2.24 Deviator stress-strain curve under di erent numbers of freeze-thaw
cycles (Xianetal., 2019).. . . . . .. .. ... .. .. .. .. ... 36

2.25 Variation of failure strength with the number of freeze-thaw cycles
Xianetal., 2019). . .. . . . .. . .. e 36

2.26 Stress-strain behaviour of unfrozen clay and clay soils experiencing

freeze-thaw cycles under di erent con ning pressures (Wang et al.,

2.27 Shear strength of loess after freeze-thaw: (a) intact loess; (b) dis-
turbed loess (Xu etal., 2018). . . ... ... ... ... ...... 39

2.28 Variation of strength parameters for intact loesses after freeze-thaw
cycles (Xuetal., 2018). . .. ... .. . ... ... . 40

2.29 Failure strength of dierent cooling temperatures under freeze-
thaw cycles (a) Cooling temperature of -8, (b) Cooling temper-

ature of -10C, and (c) Cooling temperature of -15C (Liu et al.,

XX



List of Figures

2.30 Mobilised shear strength plotted against axial strain for samples
subjected to multiple freeze-thaw cycles (Steiner et al., 2018). . . 42
2.31 Stress path (left) and stress-strain curves (right) of dry placed
Toyoura with silt (Zlatovtc and Ishihara, 1995) . . . . . .. .. .. 47
2.32 Static liquefaction potential increases as nes content and density
increase on Ottawa 50/200 sand at 25kPa initial con ning pressure.
(a) E ective stress paths in the p-q diagram. (b) Stress di erence
versus axial strain (Lade and Yamamuro, 1997). . . . .. ... .. 48
2.33 Drained triaxial compression tests on dense samples of Ottawa
sand with various silt contents under low e ective con ning stress
(Salgado et al.,, 2000). . . . . . . . . . . . .. 49
2.34 Drained triaxial compression tests on loose samples of Ottawa sand
with various silt contents under high e ective con ning stress (Sal-
gadoetal.,2000). . . . ... .. . ... .. 49
2.35 Residual shear strength versus relative density for various nes

contents (Belkhatir et al., 2011). . . . . . .. ... ... ...... 51

3.1 A view of the large wall PVC-permeater type (F) (Viklander, 1998). 56

3.2 Closed-loop servohydraulic test. (Simonsen and Isacsson, 2001). . 57
3.3 Diagram of freeze-thaw apparatus (Qi et al., 2008). . ... .. .. 58
3.4 Freeze-thaw triaxial apparatus (Ishikawa and Miura, 2011). . . . . 59
3.5 Sketch of the freeze-thaw testing system (Zhang et al., 2014). . . . 60

3.6 Test device for frost and thaw subsidence tests (Wang et al., 2015). 61
3.7 Soil sample set up for 1-D freeze-thaw cycling (Rosa et al., 2016). 62

3.8 The developed cell of freeze-thaw triaxial system. . . . ... ... 64

XXi



List of Figures

3.9 Diagram of freeze-thaw system.(a) load cell, (b) LVDT, (c and d)
thermistors, (e) junction box, (f) cell controller, (g) back controller,
(h) electronic box, (i) power supply, (j and k) level sensors, (I) data
acquisition, (m and n) pumps, (0) extension ring, (F1) freezerl,
(F2) freezer2 . . . . . . . . . 68
3.10 Some components of the system: (a) the triaxial cell; (b) the cop-
per pipes with the extension ring;(c) the modi ed surface of freezer

with pump box; (d) the pump; (e) the tank; and (f) level sensors. 70

3.11 Temperature change during primary Test1. . ... ... .. ... 74
3.12 Temperature change through Test2. . ... ... ... ... ... 76
3.13 The temperature during freezingin Test3. . . . . ... ... ... 77
3.14 The volume change during Test4. . . . . . . .. .. ... ..... 78
3.15 The change in temperature during Test4. . . ... ... ... .. 78
4.1 The grain size distribution of Congleton sand and silt soil. . . .. 82

4.2 The compaction curves of soil samples with di erent silt content. . 84
4.3 Variations in maximum and minimum void ratios for the tested soil. 86
4.4 Tools fortriaxialtest. . . . . . . . .. .. ..o 87
4.5 Analysis of deformations in a barrel-shaped specimen (Lade, 2016). 90
4.6 Unequal stress distribution in direct shear equipment (Das, 2013). 92
4.7 Saturation system for direct sheartest. . . . ... ... ... ... 95

4.8 Vertical displacement against the square root of time for silt sample. 97

5.1 Grain size distribution of silty sand mixture (10% silt and 90% sand).103

5.2 Compaction curve for siltysand. . . . . . .. ... ... ... ... 104

XXil



List of Figures

5.3 Stress-strain relationship of non-frozensoil . . . . ... ... ... 106
5.4 E ective stress path of non-frozensoil. . . ... ... ....... 106

5.5 Change in pore water pressure against the axial of undrained non-

frozensoil. . . . . .. 106
5.6 Stress ratio against the axial strain of undrained non-frozen soil. . 106
5.7 Stress-strain relationship of drained non-frozen soil. . . . . .. .. 108
5.8 E ective stress path of drained non-frozensoil. . . . .. ... ... 108
5.9 Volumetric-strain of drained non-frozen soil. . . . . ... ... .. 108
5.10 Stress ratio against the axial strain of drained non-frozen soil. . . 108
5.11 Change of ethylene glycol density with temperature . . . . . . . . 109
5.12 Volume change of ethylene glycol during freezing. . . . . . . . .. 111

5.13 Change of water density with temperature (data from Haynes, 2014).112

5.14 Volume change of water inside the sample during freezing . . . . . 114
5.15 Density of ethylene glycol during thawing. . . . . .. ... .. .. 115
5.16 Volume change of water during thawing . . . . . . . . . ... ... 116

5.17 Volume change of water inside the sample for one freeze-thaw cycle

5.18 Volume change of ethylene glycol inside the cell for one freeze-thaw
cycletest . . . . . .. 119

5.19 Volume change of water inside the sample for two freeze-thaw cy-
clestest . . . . . . . 119

5.20 Volume change of ethylene glycol inside the cell for two freeze-thaw

cyclestest . . . . . . .. 120

XXlii



List of Figures

5.21 Volume change of water inside the sample for three freeze-thaw
cyclestest . . . . . . . 120
5.22 Volume change of ethylene glycol inside the cell for three freeze-
thaw cyclestest . . . . . . . . . . . ... 121
5.23 Volume change of water inside the sample for ve freeze-thaw cy-
clestest. . . . . . .. 121
5.24 Volume change of ethylene glycol inside the cell for ve freeze-thaw
cyclestest . . . . . .. 122

5.25 Volume change of water inside the sample for six freeze-thaw cycles

5.26 Volume change of ethylene glycol inside the cell for six freeze-thaw
cyclestest . . . . . . .. 123
5.27 Volume change of water inside the sample for the rst ve cycles
of ten freeze-thaw cyclestest . . . . . . . .. .. ... ... .... 123
5.28 Volume change of water inside the sample for the second ve cycles
of ten freeze-thaw cyclestest . . . . . .. .. ... ... ...... 124
5.29 Volume change of ethylene glycol inside the cell for the rst ve
cycles of ten freeze-thaw cyclestest . . . .. ... ... ... ... 124

5.30 Volume change of ethylene glycol inside the cell for the second ve

cycles of ten freeze-thaw cyclestest . . . . . ... ... ... ... 125
5.31 Stress-strain relationships of di erent freeze-thaw cycles . . . . . . 128
5.32 Elastic modulus with di erent number of freeze-thaw cycles. . . . 128

5.33 Variation of sti ness ratio with numbers of freeze-thaw cycles (black

series) alongside the results of di erent authors (blue series) . .. 131

XXV



List of Figures

5.34 Mobilised shear strength against di erent number of freeze-thaw
cyclesatdierentstrains. . .. ................... 132
5.35 Shear strengths at the phase transformation points and at zero
pore water pressure. . . . . . . . .o e e e 134
5.36 Variation of shear strength ratio levels with numbers of freeze-thaw

cycles (black series) alongside the results of di erent authors (blue

SEIES) . . 136
5.37 Change in pore water of di erent number of freeze-thaw cycles.. . 137
5.38 E ective stress path of di erent number of cycles. . . . .. .. .. 137
5.39 Repeatably of undrained test after one cycle of freeze-thaw. . . . . 138

6.1 Inter-granular soil mix classi cation (Thevanayagam et al., 2002). 143
6.2 Grain size distribution curves of tested materials. . . . ... ... 145
6.3 Shear stress ratio versus horizontal strain of pure sand under dif-

ferent stresses. . . . . . . . . ... 147
6.4 Volumetric strain versus horizontal strain of pure sand under dif-

ferent stresses. . . . . . . . ... 147
6.5 Shear stress ratio versus horizontal strain of pure silt under di er-

eNt StreSSes. . . . . . .. 149
6.6 Volumetric strain versus horizontal strain of pure silt under di er-

eNt StreSSes. . . . . . . . 149
6.7 Shear stress ratio versus horizontal strain of mixtures with di erent

silt content under normal e ective stress of 50kPa. . . . . . . . .. 151
6.8 Volumetric strain versus horizontal strain of mixtures with di er-

entsiltcontent. . . . . . . . . . ... ... 151



List of Figures

6.9 Shear stress ratio versus horizontal strain of pure sand with freeze-

thaw cycles. . . . . . . . L 154
6.10 Volumetric strain versus horizontal strain of pure sand with di er-

ent numbers of freeze-thaw cycles. . . . . . . ... ... ... ... 154
6.11 Shearstressratio . . . .. ... .. .. ... .. .. ... .. ... 157
6.12 Volumetric strain versus horizontal strain of 25% silt sample with

di erent numbers of freeze-thaw cycles. . . . . . .. ... ... .. 158
6.13 Shear stress ratio versus horizontal strain of 50% silt sample with

di erent numbers of freeze-thaw cycles. . . . . . .. ... ... .. 159
6.14 volumetric strain versus horizontal strain of 50% silt sample with

di erent numbers of freeze-thaw cycles. . . . . . .. ... ... .. 160
6.15 Shear stress ratio versus horizontal strain of 75% silt sample with

di erent numbers of freeze-thaw cycles. . . . . . . ... ... ... 161
6.16 volumetric strain versus horizontal strain of 75% silt sample with

di erent numbers of freeze-thaw cycles. . . . . ... ... ... .. 161
6.17 Shear stress ratio versus horizontal strain of 100% silt sample with

di erent numbers of freeze-thaw cycles. . . . . . . .. .. .. ... 163
6.18 Volumetric strain versus horizontal strain of 100% silt sample with

di erent numbers of freeze-thaw cycles. . . . . . .. ... ... .. 163
6.19 Changes in shear stress ratios at ultimate condition for soils with

di erent percentages of silt and varying numbers of freeze-thaw

6.20 Grain size distribution of samples of 75% silt mixture before and

aftertests. . . . . .. 168



List of Figures

6.21 Change in shear stress ratios including experimental and tted

data for soils with varying percentages percentages of silt. . . . . . 170
6.22 Change of parametea with silt content. . . . . . ... ... ... 171
6.23 Change of parameteb with silt content. . . . . .. ... .. ... 172

6.24 Change in shear stress ratios with tted data using an empirical
equation. . . . . . . e e 174
6.25 Comparison between the experimental data of Xian et al. (2019)
and predicted data using an empirical equation. . . . . .. .. .. 175
6.26 Comparison between the experimental data of Tang et al. (2018)
under 100kPa con ning pressure and predicted data using an em-
pirical equation . . . . .. ... 176
6.27 Comparison between the experimental data of Tang et al. (2018)
under 200kPa con ning pressure and predicted data using an em-
pirical equation . . . . . . ... e 177
6.28 Comparison between the experimental data of Tang et al. (2018)

under 300kPa con ning pressure and predicted data using an em-

pirical equation . . . . . . ... 177
A.1 Schematic ofQ, parameters. . . . . . . .. ... .. ... .. ... 202
A.2 Schematic ofQ, parameters . . . . . .. ... . ... .. ... .. 204
A.3 Schematic ofQ; parameters. . . . . . .. .. .. ... .. .. ... 205
B.1 Calibration of thermistors. . . . . . . . ... .. ... ....... 207

XXVIi



2.1

4.1

5.1

6.1

6.2

Al

A2

A3

List of Tables

Results of previous studies on the e ect of freeze-thaw cycles on

the shear strength of soils . . . . . ... ... ... ........ 44
Summaryoftests. . . . . .. ... ... .. 99
Void ratio at di erent stages of thetests . . .. ... .. ... .. 126
Index properties of silt-sand mixtures. . . . ... .. ... .. .. 144

Densities of prepared samples alongside the maximum Proctor den-

SitieS . . . . e e 152
ParametersforQ, . . . . . . . . . . .. ... 202
ParametersforQ, . . . . . . . . . . ... .. 203
ParametersforQz . . . . . . . . . . . . ... 205

XXVIii



Introduction

1.1 Background

Freeze-thaw cycles are an important phenomenon in many areas around the world
as they can a ect the physical and mechanical properties of soil. This can subse-
quently impact on above ground structures and on the stability of embankments.
There are 36 million knt of permafrost representing about 4% of the surface area
of the world (Lai et al., 2009). In cold regions, the ground surface can expe-
rience more than 100 freeze-thaw cycles in just one year (Zhang et al., 2016).
Moreover, issues increase, it is predicted that the rise in global temperature will
e ect even the permafrost regions in the world, leading to thaw in these areas.
The freeze-thaw cycles could be the result of weathering processes which a ect
shallow depths in soil, or even from arti cial actions which e ects deeper depths
such as arti cial ground freezing (as shown in Figure 1.1). The latter technique
is used in the eld to freeze the ground by creating a continuous heat exchange
within the soil using pipes lled with cooling liquid (Kim, Hwang and Cho, 2018).

In addition to arti cial ground freezing, freeze-thaw cycles can be applied to the

soil around energy piles. An energy pile is a new shallow geothermal technology
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that utilises foundation piles as heat exchangers for the heating and cooling of
buildings. Normally, uses of this technology are restricted as the energy system
must be operated in temperatures well above the water freezing point to ensure
that no thermally-induced damage occurs to the piles and the soil-pile interaction.
However, this restriction can signi cantly limit the amount of energy that can be
extracted from the earth. Therefore, investigation into how the freeze-thaw cy-
cles a ect the mechanical properties of the soil when operating the system under
the freezing temperature is required (Arzanfudi and Al-Khoury, 2018). Whether
the freeze-thaw cycles are the result of weather processes or arti cial applications,
construction in these regions faces many environmental and engineering problems
(Jin et al., 2008; Wen et al., 2011; Yu et al., 2013) such as permafrost degrada-
tion, frost heave, icing, thaw settlement and infrastructure failure (Zhang et al.,

2014).

(a) Arti cial ground freezing in Sweden for (b) Arti cial ground freezing in Germany
a large mining project. for a tunnelling project.

Figure 1.1: Modern application elds of arti cial ground freezing (Van den Bosch, 2015).

In China, the Nagqu Logistic Center Yard (NLCY) of the Qinghai{Tibet Railway

experienced damage. The investigation showed that the damage was caused by
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the subjection to repeated freeze-thaw cycles (as shown in Figure 1.2) such as
road pavement cracks, subgrade subsidence and building wall cracks (Wang et al.,
2015). In addition, government transportation engineers in cold regions have
estimated that around half of the costs related to road and building maintenance
can be associated with the e ects of freeze-thaw cycles in cold regions (Henry

and Holtz, 2001).

Figure 1.2: Damage to engineering structures in the NLCY (Wang et al., 2015).

Many researchers studied the e ect of freeze-thaw cycles on the properties of
soils; Chamberlain and Gow (1979); Graham and Au (1985); Chen (1988); Kon-
rad (1989); Chamberlain et al. (1990); Czurda and Ludwig (1991); Viklander

(1998); Simonsen et al. (2002); Guo and Shan (2011); Paudel and Wang (2010);
Liu et al. (2016); Li et al. (2018); Steiner et al. (2018). However, most of these

studies have focused on the e ect of freeze-thaw cycles on the physical proper-
ties of soil and on frost-heave processes much more than on their impact on the
mechanical properties of soil, specially regarding shear strength, which is a vital
parameter in geotechnical engineering. In addition, even for the few studies which
have investigated the e ect of freeze-thaw on shear strength, the results are varied

and no clear conclusions have been reached. Therefore, deeper understanding of
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the e ect of freeze-thaw cycles on the shear strength of soil is necessary, as this
e ect should be considered when modelling stress-strain behaviours in deforma-
tion analyses for slopes, embankments and cuts.

In the eld, itis rare to nd pure sand; it is more common to nd sands with some
percentage of ne (clay, silt) content. Therefore, the use of silty sand was adopted
in this study. Although that many researchers have studied the e ect of nes on
sand-such as Kuerbis et al. (1988); Pitman et al. (1994); Zlatovt and Ishihara
(1995); Lade and Yamamuro (1997); Thevanayagam (1998); Thevanayagam and
Mohan (2000); Salgado et al. (2000); Thevanayagam and Mohan (2000); Ni et al.
(2004) and Murthy et al. (2007)- no studies have been carried out to investigate
the e ect of silt content on the shear strength of silt-sand mixtures which have
been exposed to di erent numbers of freeze-thaw cycles. It is from this situation

that the need for this novel study has arisen.

1.2 Aims and objectives

The main aim of this thesis is to investigate how the silt content a ects the shear
strength of silt-sand mixtures which have been subjected to di erent numbers of
freeze-thaw cycles and subsequently to derive a mathematical framework based
on the experimental results of this study. Presenting such a mathematical model,
which can predict the change in shear strength of silt-sand mixtures with di erent
ratios of silt content when subjected di erent numbers of freeze-thaw cycles, could
save costs and also the time that geotechnical engineers need to spend determining

the shear strength of soil by experimental works.
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The main objectives of this study were:

1. To design and construct a new laboratory testing system which is capable of
applying freeze-thaw cycles to an element of soil. This system was developed
from a standard triaxial system to apply freeze-thaw cycles in addition to

the functions of triaxial system.

2. To study the e ect of di erent numbers of freeze-thaw cycles on silt-sand
mixtures with 10% silt content. This includes volume changes during the
cycles, soil sti ness and undrained shear strengths. These tests were carried

out using the newly developed freeze-thaw triaxial system.

3. To study the e ect of silt content on the drained shear strength of silt-sand
mixtures which were exposed to di erent numbers of freeze-thaw cycles.

This set of tests was conducted using the direct shear system.

4. To investigate the e ect of freeze-thaw cycles on the grain size distributions
of a group of mixtures which were exposed to di erent numbers of freeze-

thaw cycles and sheared using the direct shear system.

5. To develop a novel mathematical framework which predicts the change in
drained shear strength at the ultimate conditions of di erent silt-sand ratios

under di erent numbers of freeze-thaw cycles.

1.3 Methodology

In this study, two types of soils were used; Congleton sand and silt. Their proper-

ties were determined according to BS 1377-2 (1990). The rst stage taken was to
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develop the freeze-thaw triaxial system, this work targeted objective 1 from previ-
ous list. When conducting work in relation to objective 2, consolidated undrained
and consolidated drained tests were carried out for silt-sand samples containing
10% silt without applying freeze-thaw cycles. This was done to understand the
behaviour of soil and as a reference to compare the results with the samples under
di erent numbers of freeze-thaw cycles. Then, a series of tests was carried out
for the samples of 10% silt content. The samples were compacted to high density,
after which they were saturated and then consolidated under 100kPa e ective
stress. Following this, the freeze-thaw triaxial system was used to apply one,
two, three, ve, six and ten freeze-thaw cycles. After that, samples were sheared
under undrained conditions.

Given the time involved in designing and constructing the freeze-thaw triaxial
system, and in performing the rst series of tests with just one percentage of silt
(10%), it was realised that the remaining time for this study was not su cient to
perform the whole set of tests with di erent percentage of silt using the developed
freeze-thaw triaxial system. Therefore, after examining the time frame, it was
decided to carry out a second series of tests for samples with di erent percentage
of silt content using a direct shear system. This test could provide results for all
the tests within a shorter time. This series of tests included the use of di erent
silt ratios in silt-sand mixtures. These comprised samples with 0%, 25%, 50%,
75%, 100% of silt content. The samples were prepared at a relative density of
45%, and then saturated using a new setup which was developed for this study.
Then the samples were subjected to di erent numbers of freeze-thaw cycles (zero,

one, three, ve and seven cycles) by using a freezing chamber. They were then
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tested by direct shear under a normal load of 50kPa. These tests which were
performed using the direct shear aimed to achieve objective 3.

Further work was carried out in relation to objective 4, grain size distributions
were investigated for a group of samples (75% silt content) which had already
been subjected to di erent numbers of freeze-thaw cycles and sheared. For the
last stage in the thesis, the aim was to derive an analytical equation based on
the results of direct shear test. The equation could predict the change in shear
strength of di erent silt-sand ratios under di erent numbers of freeze-thaw cycles.

This work was intended to target objective 5.

1.4 Thesis outline

The thesis is organised into seven chapters as follows:

Chapter One provides a general overview about the subject and presents the
aim and objectives of this study. It is also highlights the organisation of this
thesis.

Chapter Two presents a review of the relevant literature to this research, in-
cluding the freezing and thawing processes and the e ect of freeze-thaw cycles on
the properties of soil. Moreover, the impact of ne content on the shear strength
of sand is also introduced.

Chapter Three describes the design of the freeze-thaw triaxial system used with
the theoretical calculations that the design is based on. In addition, some pre-
liminary results which led to improvements in the system's performance are also
presented in this chapter.

Chapter Four presents the materials and methodology of this study. A table
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which summarises all the tests carried out in this study is introduced.

Chapter Five introduces the behaviour of silty sand samples (10% silt) under
di erent numbers of freeze-thaw cycles, focusing on the volume changes during
the cycles and on the stress-strain behaviour. A comparison of the results with
previous studies was also introduced. The results presented in this chapter are of
tests carried out using the freeze-thaw triaxial system.

Chapter Six investigates the e ect of silt content on the shear strength of silt-
sand mixtures under di erent numbers of freeze-thaw cycles. The tests were
conducted using a direct shear system after exposure to di erent numbers of
freeze-thaw cycles. Moreover, the results of grain size distribution tests for group
of samples after exposure to the freeze-thaw cycles and the shearing are also
presented. Finally, the derivation of a mathematical model to predict soil shear
strength was introduced and a validation for the model against the results of
previous studies was also carried out in this chapter.

Chapter Seven draws out the main conclusions from this study. Suggestions

for future work in this area are also presented in this chapter.



Literature Review

2.1 Introduction

This chapter reviews the relevant literature regarding the e ect of freeze-thaw
cycles on soils. Firstly, the freezing and thawing process is explained, and di erent
conditions of freezing are also illustrated. Then, the e ect of freeze-thaw cycles
on the physical and the mechanical properties of soil is discussed. After this,
the e ect of ne contents on the soil shear strength is introduced and nally,

concluding remarks are provided in this chapter.

2.2 Physics of soil freezing and thawing

2.2.1 Freezing process

If saturated soil freezes under undrained condition, the soil will expand as a result
of the phase change of water to ice. The resulting volumetric strain can be found

from the following equation (Harris, 1995):

", =0:00 (2.1)
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where", is the volumetric strain, n is the porosity of the soil and 0.09 is deter-
mined from the ratio of densities of liquid water and ice.

The water in the soil at subzero temperatures exists in three phases: vapour,
liquid (unfrozen water and tightly bound water) and ice. The liquid water is
referred to unfrozen water and can move through the soil at temperatures below
0 C. It is believed that the pressure at the interfaces between the ice and the
water shows a large drop creating a suction force causing the water to migrate
from the unfrozen zone to the frozen one (Glendinning, 2007). This process can

be explained by the capillary model, as described in the following section.

2.2.2 Capillary model

This model describes the migration of water inside the frozen soil and how the
ice penetrates through the soil. It was rstly introduced by Penner (1959) who
assumed that the suction was related to the radius of curvature of ice trying
to penetrate through a pore neck as shown in Figure 2.1. This suction can be

derived from the Kelvin equation (Harris, 1995):

suction=u; Uy =2 w=lw (2.2)

wherey; is the ice pressurey,, is the pore water pressure, ;, is the interfacial
tension of the ice/water interface and;, is the radius of interfacial curvature.

If riw is smaller than the minimum pore size in the soilr¢ shown in Figure 2.1),
then the ice will occupy the soil pores and the freezing front advances into the soil.
However, ifry, is larger thanr., then the ice would not be able to penetrate, and
the freezing front pauses. In the latter case, the pressure at the freezing front is

10
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lower than the pressure of water below. Therefore, the water will be continuously
sucked to the freezing front. Accumulation of water there will increase the water
pressure and some of the water should freeze forming the ice lenses. Ice lenses can
be de ned as a the growth of ice as a distinct lenses, veins or masses in soil which
occur essentially parallel to each other, usually normal to the direction of heat
transfer, and often in repeated layers (Harris, 1995). Therefore, clean gravels are
not frost susceptible soil because they are well drained. With soil becomes more
ner, it becomes more frost susceptible until the low permeability prevents frost
heave.

Another important aspect for the freezing soil is the unfrozen water content,

which will be explained in the following section.

Figure 2.1: Idealized capillary pore (Harris, 1995).

2.2.3 Unfrozen water content

When ne grained soils are subjected to freezing temperatures, not all the water

within the soil pores freezes. In some clay soils, 50% of the water content may

11
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exist in the form of unfrozen water (Morgenstern, 1981). The amount of unfrozen
water is referred to as the unfrozen water content and is de ned as the mass frac-
tion of unfrozen water over the mass of the soil grains (Burt and Williams, 1976).
Water molecules are bonded on the surface of clay minerals by van der Waals
forces. Bonded water has a smaller free enthalpy than the free water. Therefore,
it remains unfrozen even if the temperature is below C. Hence, ne-grained soils
have a higher proportion of bonded water compared to coarse grained soils due
to the higher surface area and their higher surface charge (Konrad and Samson,
2000). As shown in Figure 2.2, the unfrozen water content depends on the tem-
perature (Williams, 1964; Tice, 1978) and type of the soil (Konrad and Samson,
2000). The unfrozen water content can be calculated from the following equation

(Zzhang and Michalowski, 2015):

w=w +(w, w)edT T (2.3)

where Ty is the freezing temperaturewy is the moisture content of the unfrozen

soil, w is the liquid water content at subzero temperatures as shown in Figure 2.3
and a is a parameter de ning the rate of decrease in liquid moisture with decreas-
ing temperature. It can be seen that there is a minimum temperature at which

there will be no further reduction in the amount of unfrozen water.

12
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Figure 2.2: Unfrozen water content-temperature curves

for the soil types used in the hydraulic conductivity tests

(Burt and Williams, 1976).

Figure 2.3: Unfrozen water content curve (Zhang and Michalowski, 2015).

13
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2.2.4 Thaw settlement

After the surface of frozen ground is subjected to increasing temperature, the
soil starts to thaw, and the ice lenses that formed during freezing start to melt.
When the excess water drains out under its weight and/or external loads, thaw
consolidation will take place. The thaw consolidation rate depends on the hy-
draulic conductivity of the soil and the rate of thawing.

Fine grained soils which are considered frost susceptible soils including silt and
clay, exhibit layers of ice lenses within the soil structure under suitable freezing
conditions which in general depend on the migration of the water to growing the
ice lens and the freezing rate. In general the slower the freezing rate, the greater
the ice lens formation, while keeping all other conditions constant.

Upon thawing, the ice lens will thaw and excess water will generate and the
drainage of this water will lead to further settlement. The more frost susceptible
soil, the more prone for thaw settlement (Andersland and Ladanyi, 2004).
Therefore, it can be concluded that thaw settlement does not always take place
within thawed soil, as it depends on the presence of ice lenses during freezing

which occurs under speci ¢ conditions.

2.3 Dierent conditions of soil freezing

Soil can be subjected to one-dimensional freezing, meaning that the heat transfer
occurs unidirectionally, such as during freeze-thaw cycles resulting from weather
changes. Alternatively, the cycles can be induced in the soil in a three-dimensional

system where the heat transfer occurs in all directions, as in the applications of

14
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ground freezing or energy piles. Moreover, the freezing process for soil can also be
carried out in a closed or an open system. Jones (1987) states that a closed system
is one where there is no source of water while the soil is undergoing freezing other
than that initially available in the voids at or near the freezing zone. However,

in an open system, in addition to the water originally available in the voids of
soils, water is available to be moved to the surface of freezing forming segregation
ice (lenses). Therefore, ice lenses may or may not form in closed systems (\Wong
and Haug, 1991). A redistribution of moisture and unit weight occurs within
closed systems. The moisture increases and the density decreases towards the
top of a soil specimen which is frozen from the top downward, and there is a
corresponding decrease in moisture with capillary (suction) forces that resist a
decrease in the density toward the bottom of the specimen (Jones, 1987; Wong

and Haug, 1991). Figure 2.4 shows the contrasting features of the two systems.

Figure 2.4: Freezing process in open and closed systems (after Jones, 1987).

15



Chapter 2. Literature Review

Generally, in clay soil the rate of moisture transfer is slower than the rate of frost
penetration, preventing a continuous supply of water from reaching the freezing
front. After a review of literature, in the majority of cases, a closed system can

represent a reasonable approximation to eld conditions (Wang et al., 2007).

2.4 E ect of freeze-thaw cycles on the properties of soils

Freeze-thaw cycles can damage the initial state of the soil to generate a new state
with an updated composition, structure and properties through a complex process
involving physical and chemical changes (Zhang et al., 2016). This section covers

the considerable change in soil properties during and after the freeze-thaw cycles.

2.4.1 Eect of freeze-thaw cycles on the void ratio and permeability of

soils

The in uence of freeze-thaw cycles upon the void ratio and permeability has
been investigated by several researchers. The rst investigations included that of
Chamberlain and Gow (1979), who noted changes in the structure and permeabil-
ity of ne-grained soils following freeze-thaw cycles. Speci cally, the void ratio
was decreased, and the vertical permeability was increased. The latter change
was attributed to a decreasing volume of nes within the pore space of the coarse
fraction and/or crack formation, the precise mechanism depending upon the soll
type as shown in Figure 2.5. Both Hanover silt and Ellsworth clay were tested.
Hanover silt is a low plastic silt and that contains 5% of its particles are less

than 2um in size, while Ellsworth clay is a low plastic clay with plasticity index

16
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of 20%. 39% of its particles are less thani2n. In the case of Hanover silt,
coarse grains control the packing as they are in contact at their edges and clay
particles occupy the voids in the occulated structure. Flocculated structure of
particles refers to an edge-to-face particles orientation. Hence, silt grains control
soil compressibility, whereas the clay particles control soil permeability. After the
freeze-thaw cycles, clay particles are rearranged in a dispersed orientation leading
to decreases in the voids which are occupied by clay. The dispersed structure of
clay particles corresponds to a face-to-face orientation of particles. Therefore, the
permeability increases. In the second case, that of Ellsworth clay, silt particles
are not in contact but instead are oating in a occulated clay matrix. Here, the
arrangement of the clay particles controls both soil permeability and compress-
ibility. Freeze-thaw cycles decrease the void ratio because of the rearrangement
of clay particles in more dense structures. However, permeability increases as a

result of shrinkage cracks occurring during freezing.

17
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Figure 2.5: Schematic diagram of idealised types of particle
orientations for (a) clayey silt, and (b) silty clay (Chamber-
lain and Gow, 1979).

Konrad (1989) noted that the total void ratio of soil can either increase or decrease
upon thawing, depending upon the initial overconsolidation ratio (OCR). How-
ever, in all cases, the e ective void ratio increased which results in a reduction in
segregation potential and an increase in the vertical hydraulic conductivity. This
is comparable to the results reported by Chamberlain and Gow (1979).

It was reported that the permeability seemed to be larger at the highest over
consolidation ratios. Similar to the ndings of Chamberlain et al. (1990) and
Zimmie and La Plante (1990), Viklander (1998) indicated that the e ects of
freeze-thaw upon the soil are dependent upon both the water conditions and the
temperature gradient. It was found that the permeability increased by one to two
orders of magnitude after freeze-thaw cycles (Qi et al., 2006; Paudel and Wang,
2010). This was supported by the nding of Czurda and Ludwig (1991) who

tested the permeability of compacted soils when exposed to freeze-thaw cycles.

18
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While, Viklander (1998) suggested a residual void ratio, in terms of freeze-thaw,
which implies that both loose and dense soils would reach the same void ratio

after a large number of freeze-thaw cycles as shown in Figure 2.6.

Figure 2.6: Residual void ratio in terms of freeze-thaw (Viklander, 1998).

Sterpi (2015) investigated the hydraulic conductivity of clayey silt samples under
freezing-thawing cycles. A series of tests were carried out on clayey silt which
was reconstituted with various levels of compaction energy. This was determined
using two methods, directly from a exible wall permeameter and indirectly from
oedometric tests. The results showed that the freeze-thaw cycles developed frac-
ture in the soil networks which resuled in an increase in the hydraulic conductivity

of the soil as shown in Figure 2.7.

19
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Figure 2.7: Variation in hydraulic conductivity with sample
initial compaction energy from exible wall permeameter tests
(Sterpi, 2015).

2.4.2 E ect of freeze-thaw cycles on the consolidation properties

In a study by Graham and Au (1985), undisturbed samples from Winnipeg clay
were subjected to freeze-thaw cycles and were tested in the oedometer test to
examine the in uence of freeze-thaw cycles upon the preconsolidation pressure.
A signi cant impact upon the preconsolidation pressure was noted, including
complete loss of bonding after ve cycles of freeze-thaw. As shown in Figure 2.8,
the preconsolidation pressure pro le is generally comparable to that of normally

consolidated soil.

20
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Figure 2.8: Oedometer consolidation curves for a clay in
unfrozen and post-thawed states (Qi et al., 2006).

Paudel and Wang (2010) investigated the consolidation properties of ne grained
soils which were collected from landslide sites in the Mackenzie valley. The soll
was remoulded with di erent water content representing the natural eld condi-
tions. The samples were subjected to di erent numbers of freeze-thaw cycles (O,
3, 5, 10). The coe cient of consolidation increased by one order of magnitude
after the cycles. The coe cient continued to increase with the number of cycles

but with a slower increasing rate as shown in Figure 2.9.

Figure 2.9: Coe ecient of consolidation with number of
freeze-thaw cycles from two sites | and G (Paudel and
Wang, 2010).
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2.4.3 E ect of freeze-thaw cycles on slope stability

The process of soil freezing and thawing in cold climates occurs gradually from
the surface downwards in response to temperature changes. The soil thaws grad-
ually from the surface as a result of temperature increase. Consequently, a high
moisture content arising from the melting of snow and ice on slopes can lead to
seasonal landslide problems along highways. Kawamura and Miura (2013) clari-
ed the failure mechanisms of volcanic slopes as a result of rainfall and freeze-thaw
cycles in cold areas such as Hokkaido. The results showed that the angle and the
initial water content of the slope signi cantly a ects the surface failure. Hence,
any evaluation of volcanic slope stability must consider the e ects of softening
due to freeze-thaw cycles. It was concluded that if the frozen area and the water
retention capacity in the slope are estimated by monitoring indexes properties,
then the slope failure can be predicted. Laboratory testing and eld studies have
been carried out by Guo and Shan (2011) to examine the variation of soil mois-
ture with ground temperature and to determine the in uence of soil moisture on
the physical and mechanical parameters of the soil. Although the moisture and
temperature sensors were buried at various depths during the eld tests, the most
reliable results were obtained for a depth of 1.4 m (close to the identi ed sliding
surface and above the maximum depth of freezing). The eld study demonstrated
the development of contraction cracks during freezing. The melt-water generated
by increasing temperature during the spring time tended to accumulate in these
cracks, being held back by the still frozen layers beneath. This lead to an excessive

water content in the shallow part of the slope and, hence, to landslides.
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2.4.4 Behaviour of soils with di erent grain size distributions

According to the literature, it is clear that the grain size distribution has a con-
tribution to the behaviour of soil under the e ect of freeze-thaw cycles.

When soil freezes, the water inside the pores changes to ice, and under certain
conditions lenses may form. Forces from the ice's expansion will act on the soill
skeleton, and the layer of soil will be split up by lenses forming cracks and frac-
tures. The mechanics during thawing di ers depending on the type of soil. In
clayey soil, the cracks that developed during freezing phase will not completely
close due to the cohesion of the soil, whereas in less cohesive soil, grains during
thawing may be relocated which may block the cracks (Viklander, 1998).
Similarly, Harris (1995) indicated that freeze-thaw action might lead to the soil
shrinkage and potentially the creation of micro cracks. As such, clay becomes
ssured, but coarser soils with little or no clay fraction will be una ected. Fissur-
ing may be exacerbated by thermal contraction and di erential strains between
layers.

However, Hall and Ande (2003) stated that freezing could cause fragmentation
of the soil grains only in relatively coarse soil particles (including silty and coarser
particles) due to the generation of ice crystals. The frost weathering process is
divided into two stages. At rst, the water changes from liquid to a solid phase
which results in the formation of cracks on the surface of mineral particles driven
by the temperature tension as shown in step 1 of Figure 2.10. By turning the
pore water to ice, the volume will increase by about 9% in the freezing process,

and the micro-cracks develop to macro-cracks (step 2 in Figure 2.10). At the
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second stage, increasing the thickness of the water Im in the cracks will take
place (step 3 in Figure 2.10) which results in further fragmentation of primary

minerals (step 4 in Figure 2.10).

Figure 2.10: Schematic illustration of the fragmentation process of soil mineral particles
(Zhang et al., 2016).

Zhang et al. (2016) states that in a clay soil particle, large numbers of water
molecules exist in the form of bound water, and no cracking happens because
there is a greater amount of unfrozen water than that found in coarse particles
(Zhang et al., 2016). Instead, the clay particles show aggregation due to the dou-
ble electronic shell e ect, as much water may be held in clay particles as absorbed
water, as shown in step 1 of Figure 2.11. Freeze-thaw can enhance the formation
of intermolecular association between the mineral particle surfaces (condensation)
as shown in step 2 of Figure 2.11. Then the sorption of oxides on the clay particle
surfaces resulting in a greater capacity for mineral to mineral binding (step 3 and
4 in Figure 2.11) (Zhang et al., 2016).

According to Casagrande (1932) silt is the most frost susceptible soil. Silt pores
are small enough to promote suction and capillary action and large enough to
transport an adequate supply of moisture to the freezing front. Under normal
freezing conditions and with a su cient supply of water, one should expect con-
siderable ice segregation in non-uniform soils containing greater than 3% of grains
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smaller than 0.02 mm.

Figure 2.11: Schematic illustration of the aggregation of soil mineral particles (Zhang
et al., 2016).

Moreover, researchers showed that the changes in the structure of the soil is not
just related to the type of soil but also a ected by the mineral composition of
the soil. When kaolinite is the dominant mineral in the clay, the freeze-thaw will
show an e ect on the structure of the soil by increasing the void ratio. However,

if montmorillonite is the dominate clay mineral there is less e ect on the soil be-
haviour after freeze-thaw cycles (Zhao et al., 2019). In addition, other properties
could also e ect on the particles behaviour during the cycles such as geological
history of soil, crushability and the plasticity of ne soils. Overall, it can be
concluded that the ne soil is more a ected by freeze-thaw cycles compared to
coarser soil.

Regarding the grain size distribution after the freeze-thaw cycles, Zhang et al.
(2015) investigated the e ect of freeze-thaw cycles on dynamic changes on the soill
fraction. Two series of tests were carried out; one was on the original samples,
whereas the other was on remolded samples. Dierent numbers of cycles were
applied (3, 6, 20 and 40 cycles) and granulometric tests were conducted before

and after the freeze-thaw cycles to analyse the results. The results show that the
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particles content of fraction of 0.05-0.1mm increased after 40 freeze-thaw cycles.
For the undisturbed soil specimens, the changes in the sand grains and in the
clay grains were conjugated, whereas for the remolded specimen, the change in
the sand grains was conjugated with the change in the silt grains as shown in

Figure 2.12.

Figure 2.12: Changes in sand, silt, and clay fraction of original (a) and remolded (b)
soil specimens with the increasing number of freeze-thaw cycles (Zhang et al., 2015).

2.45 E ect of freeze-thaw on the resilient modulus

In pavement design when the soil is exposed to repetitive loading, the resilient
modulus plays an important role. The resilient modulus can be de ned as the

ratio of cyclic deviatoric stress to recoverable strain (Li and Selig, 1994). The
studies on freeze-thaw e ects have indicated that freeze-thaw cycles a ect on the
resilient modulus which can lead to deterioration and subsidence in highways. The
general agreement in this area is that even if the number of cycles is small, it can
result in a signi cant reduction in the resilient modulus (Lee et al., 1995; Simonsen

et al.,, 2002). The study by Simonsen et al. (2002) examined the in uence of
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freeze-thaw cycles upon ne and coarse grained sub-grade soils. Sub-freezing
temperatures were shown to reduce the resilient modulus by a factor of 10 to
1000 during cycles between -1G and room temperature. The samples were
exposed to closed freeze-thaw cycles and three-dimensional freezing by placing
the triaxial cell alternately inside and then outside a freezing chamber. A 20% to
60% reduction in the resilient modulus was observed following freeze-thaw cycles,
depending upon the soil type: e.g. 50% reduction for ne-grained sand and 25%
reduction for coarse gravelly sand. In both cases, this reduction was attributed
to the loosening of the soil through being subjected to freeze-thaw cycles. The
in uence of freeze-thaw cycles upon silty soil with various initial dry weight was
studied by Qi et al. (2008). As indicated in Figure 2.13, the resilient modulus

was found to decrease for each sample in response to the freeze-thaw cycles.

Figure 2.13: Change in the resilient modulus at a pressure of 100kPa
with dry unit weight (Qi et al., 2008).
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2.4.6 The e ect of freeze-thaw cycles on soil sti ness

Soil sti ness behaviour after exposure to freeze-thaw cycles has been investigated
by several recent studies. It has been recognised that soil sti ness deteriorates
after exposure to freeze-thaw cycles (Li et al., 2012; Liu et al., 2016; Li et al.,
2018; Xian et al., 2019). This is attributed to the fact that the change of water
to ice during freezing applies stress to the grain particles, destroying the original
structure of the soil particles skeleton and changing the pore void volume and
that these changes are not completely recovered after thawing.

Fine grained silty clay samples were tested in uncon ned compression tests after
being subjected to 0O, 2, 5, 11, 21, and 31 freeze-thaw cycles by Li et al. (2012).
These samples were rst compacted to high density and then subjected to closed
freeze-thaw cycles and one-dimensional freezing. Their sti ness decreased with
the increase in number of cycles and reached a percentage decrease of approxi-
mately 32% in the sample subjected to 31 cycles.

A decrease in the sti ness was also observed by Liu et al. (2016) when they tested ne grain

Figure 2.14: Elastic modulus under freeze-thaw cycles (Liu et al., 2016).
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Li et al. (2018) investigated the sti ness of loesses after they were subjected to
freeze-thaw cycles. Loess is an aeolian deposit characterised by high porosity, silt-
dominated particle size, weak bonding between the particles and low density when
found in the eld (Li et al., 2018). Li et al. (2018) compacted the soil to high
density and the samples were subjected to closed system and three-dimensional
freezing in the laboratory. Similar to previous studies, Li et al. (2018) found that
the soil sti ness decreased after they were subjected to freeze-thaw cycles. The
results showed that soil sti ness decreased by 16% after ten freeze-thaw cycles.
Silty samples also exhibited a reduction in the sti ness after exposure to freeze-
thaw cycles. The samples were subjected to the cycles in a closed system and to
three-dimensional freezing. Consolidated undrained tests were carried out on the

samples as shown in Figure 2.15 (Tang et al., 2018).

Figure 2.15: Change of elastic modulus with the numbers of freeze-thaw
cycles under e ective con ning pressure of 100kPa (Tang et al., 2018).

In addition, Xian et al. (2019) investigated the e ect of the freeze-thaw cycles on
the stiness of low plasticity clay soil. The cycles were performed in a closed
system and using a one-dimensional freezing process. After exposure to 0O, 1,
3, 5 and 7 freeze-thaw cycles, unconsolidated undrained tests were performed.
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The reduction in stiness with numbers of freeze-thaw cycles can be seen in
Figure 2.16. The results were compatible with previous conclusions about the

reduction in soil sti ness after exposure to freeze-thaw cycles.

Figure 2.16: Variation of elastic modulus with the number of freeze-thaw

cycles (Xian et al., 2019).
In all the previous studies, in addition to the agreement of authors that soil sti -
ness reduces as number of freeze-thaw cycles increases, there is always a threshold
value in the number of freeze-thaw cycles after which the sti ness tends to sta-
bilise and no further change as the number of freeze-thaw increases occurs. It
is important to mention that all the studies mentioned measured soil sti ness in
absence of an e ective con ning pressure which does not replicate eld conditions
in many cases. Therefore, this will be considered in the design of the system used

in this study and is illustrated in detail in Chapter Three.

2.4.7 E ect of freeze-thaw on the shear strength

Studies on the in uence of freeze-thaw cycles upon shear strength have generated
disparate results (Qi et al., 2008; Zhao et al., 2019). Di erent authors reported

that the shear strength reduced (Graham and Au, 1985; Li et al., 2018; Tang
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et al.,, 2018; Ghazavi and Roustaie, 2010; Xu et al., 2018; Xian et al., 2019),
increased (Ono and Mitachi, 1997), or even uctuated (Liu et al., 2016; Steiner
et al., 2018). The e ects of freeze-thaw cycles upon clay samples from Lake Agas-
siz, Winnipeg, have been studied by Graham and Au (1985). Firstly, the samples
were consolidated anisotropically to axial stresses less than or equal to the in situ
e ective overburden pressure to obtain overconsolidated samples. Then, they
were loaded under drained or undrained conditions along steeply rising stress
paths in p%q stress space. The samples were tested before and after being ex-
posed to freeze-thaw cycles. They were subjected to three-dimensional freezing
in the laboratory at a temperature of -20C, and then thawed at a temperature

of 20 C. These freeze-thaw cycles were induced in a closed system where there
was no source of external water during the cycles. Freeze-thaw cycling produced
an increase in compressibility and pore-water pressures, and reduced strengths
at low stresses when compared with the behaviour of undisturbed clay as shown
in Figure 2.17. While Figure 2.18 shows the pore water pressure for both undis-
turbed and thawed samples, where, is the vertical e ective preconsolidation
pressure, o is the vertical e ective overburden pressure in the eld and .is the

major principal e ective consolidation pressure.
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Figure 2.17: Stress paths in spacp® &, q= . followed by a)
undisturbed b) freeze-thaw samples (Graham and Au, 1985).

Figure 2.18: Pore water pressure generation in p¢ 9, u/ 9,
(Graham and Au, 1985).

Triaxial tests were performed by Guo and Shan (2011) during their laboratory
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and eld studies on a silty clay slope within the Fangzhen to Harbin road ex-
pansion project, and these indicated a gradual decrease in soil apparent cohesion
during cyclic freeze-thawing. As indicated in Figure 2.19 (a), soil cohesion was
found to increase with increasing water content for below-optimum water con-
tents, but to decrease with increasing water content for above-optimum water
contents; internal friction increased in response to the rst freeze-thaw cycle, but

subsequently decreased gradually with further cycles as shown in Figure 2.19 (b).

(@) (b)

Figure 2.19: Moisture-cohesion curves and moisture internal friction curves before and
after frozen-thaw with 95% soil compaction (Guo and Shan, 2011).

Li et al. (2018) investigated the e ect of repeated freeze-thaw cycles (series of
0, 1, 3, 5, 7 and 10 cycles) on densely compacted loesses. Three-dimensional
freezing was applied which consisted of subjecting the samples to a temperature
of -15 C for 12 hours and then thawing for 12 hours at a temperature of 16 in a
closed system. The results of uncon ned compressive tests showed that the shear
strength of the loess specimens decreased with increasing numbers of freeze-thaw
cycles, and reached a level of 12.4% after ten cycles as shown in Figure 2.20 and

Figure 2.21.
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Figure 2.20: Stress train curves of com-Figure 2.21: Unconned compressive

pacted loesses specimens under freezetrength versus number of freeze-thaw cy-
thaw (FT) cycles (Li et al., 2018). cles (Li et al., 2018).

The shear strength of silty soil also exhibited a reduction after the samples were
exposed to closed freeze-cycles in a three-dimensional system (Tang et al., 2018).
The samples were exposed to a temperature of -@for three hours followed by
three hours under a temperature of 1@. However, three hours may not have
been su cient to freeze the water inside the soil samples as 24 hours recom-
mended by Othman et al. (1994) and Kraus and Benson (1994). After exposure
to the cycles, consolidated undrained tests were carried out and the stress-strain
behaviours of the soil before and after exposure to the freeze-thaw cycles under ef-
fective con ning pressure of 100kPa can be seen in Figure 2.22. While Figure 2.23
shows the failure shear strength due to freeze-thaw cycles under di erent con ning

pressures.
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Figure 2.22: Stress-strain behaviour under

di erent numbers of freeze-thaw cycles un- Figure 2.23: Variation in failure strength
der e ective con ning pressure of 100kPa Versus freeze-thaw cycles (Tang et al,
(Tang et al., 2018). 2018).

In addition, the mechanical properties of kaolonite clay were investigated by
Ghazavi and Roustaie (2010). The samples were subjected to series of 0, 1, 3,
5 and 10 freeze-thaw cycles during which they were placed inside a freezer at a
temperature of -20 for 6 hours, and then placed outside it for a further 6 hours at
25 C. These conditions represented three-dimensional freezing in a closed system.
The results revealed a reduction in shear strength after exposure to freeze-thaw
cycles. In another study carried out by Xian et al. (2019), the shear strength of
low plasticity clay containing 60% silt soil decreased after exposure to series of
1, 3, 5 and 7 freeze-thaw cycles. The samples were subjected to one-dimensional
freezing under a temperature of -4@ for 24 hours followed by another 24 hours
for the thawing stage at a temperature of 4QC. The freeze-thaw cycles were
conducted in a closed system. The results of the unconsolidated, undrained tests
carried out are shown in Figure 2.24. Figure 2.25 shows the failure shear strengths

of samples subjected to di erent numbers of cycles.
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Figure 2.24: Deviator stress-strain curve under di erent numbers
of freeze-thaw cycles (Xian et al., 2019).

Figure 2.25: Variation of failure strength with the number of
freeze-thaw cycles (Xian et al., 2019).

The apparent cohesion, elastic modulus, failure strength, friction angle and stress-
strain responses of compacted ne-grained clays to freeze-thaw cycles were inves-
tigated by Wang et al. (2007). The samples were subjected to freeze-thaw cycles
by placing them in a thermo-tank at freezing temperatures (three-dimensional
freezing) and no source of water was available during the process. Repeated

freeze-thaw cycles resulted in measurable changes in the mechanical and physical
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properties of the soil. As shown in Figure 2.26, the freeze-thaw cycles had no
e ect upon the stress-strain curves shape. However, the resilient modulus and
the failure strength signi cantly changed as the number of freeze-thaw cycles in-
creased. Although the sample height and water content were unchanged after
7 cycles, the sample height was measurably increased, and the water content
decreased, within the range of 7-10 cycles. The authors assert that the failure
strength of the soil after seven cycles of freeze-thaw can be employed when de-
signing for cold climates as minimal values for both stiness and failure shear

strength were achieved after 3-7 cycles of freeze-thaw.

Figure 2.26: Stress-strain behaviour of unfrozen clay and clay soils experiencing
freeze-thaw cycles under di erent con ning pressures (Wang et al., 2007).

Two types of samples were tested in a direct shear system by Xu et al. (2018),
including undisturbed and remolded samples, in order to study the e ect of freeze-

thaw cycles on the strength behaviour of loess samples with di erent water con-
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tent and densities. The samples were exposed to 0O, 2, 5, 7, 10, 14, 17 and 20
freeze-thaw cycles in a closed chamber with a range of temperature betweenG20
and 20C. The shear strengths measured after passing through freeze-thaw cy-
cles are shown in Figure 2.27 which illustrates that the freeze-thaw cycles have
a weakening e ect on shear strength. It is important to note that the samples
were not saturated in in the study of Xu et al. (2018), and this is considered a
weakness of the study. This is because the amount of water inside the soil plays
an important role in soil freezing. The more water there is, the greater the e ect
of freeze-thaw cycles on the results. In addition, freezing unsaturated soil could
a ect the results as it would be under the combined e ect of both unsaturation
and freezing. A more signi cant e ect of freeze-thaw cycles on shear strength

would be expected if the soil had been saturated.

The results of Xu et al. (2018) indicate that the apparent cohesion decreased
with number of cycles until a stable value was reached which is in agreement
with Guo and Shan (2011) and Wang et al. (2007). This is due to the freeze-
thaw cycles changing the structure of the soil by separating the particles from
each other, reducing apparent cohesion. However, limited change was noticed
by Xu et al. (2018) regarding the internal friction angle as shown in Figure 2.28.
This limited change in internal friction could be because Xu et al. (2018) carried
out direct shear tests to determine the friction angle at the ultimate condition.
However, the results reported by Guo and Shan (2011) show an increase in in-
ternal friction after the rst cycle. It then decreased with further increase in

numbers of freeze-thaw cycles. This behaviour could be a result of inconsistency
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of the initial conditions of the samples, especially when noting that the samples
were collected from the eld, making it hard to have the same initial condi-
tions. In contrast, the results reported by Wang et al. (2007) indicate scattered
increases in the internal friction angle as the number of cycles rises. It is crucial
to note that both Wang et al. (2007) and Guo and Shan (2011) investigations of
the e ect of freeze-thaw cycles on the peak internal friction angle resulted in more
pronounced change than that reported by Xu et al. (2018) as the internal friction
angle in the latter study was investigated at the ultimate condition. In addition
Xu et al. (2018) tested the samples under unsaturated condition as mentioned

before.

(a) (b)
Figure 2.27: Shear strength of loess after freeze-thaw: (@) intact loess; (b) disturbed
loess (Xu et al., 2018).
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Figure 2.28: Variation of strength parameters for intact loesses after freeze-
thaw cycles (Xu et al., 2018).

Fluctuations in the shear strength of soil after a range of freeze-thaw cycles were
also indicated in the previous studies. Liu et al. (2016) tested silty sand samples in
unconsolidated undrained triaxial tests after exposing them to a varying number
of cycles (0-12). The samples were subjected to three-dimensional freezing in
a closed system where there is no water supply during freezing. The samples
were tested under three di erent freezing temperatures (-&, -10 C, -15C) and
under three di erent con ning pressures. Shear strength decreased rst and then
increased with the increasing number of cycles, as shown in Figure 2.29. However,
Liu et al. (2016) o ered no explanation for the observed uctuation in the shear
strength after seven freeze-thaw cycles. This uctuation could be explained as the
tendency of soil to reach a new stable state, and if more tests had been carried out
a stable trend may have been con rmed. Another explanation of this uctuation
could be because the soil used in the study of Liu et al. (2016) contained around
20% of particles larger than sand which could disturb water migration during
freezing.

Fluctuation in shear strength was also noticed in the study conducted by Steiner
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et al. (2018). lllite clay samples were subjected to between one and twenty freeze-
thaw cycles. The cycles were performed by attaching a Peltier element to the base
of the sample to produce one-dimensional freezing, in the system, no additional
water was supplied, in order to simulate a closed system. The results of the
unconsolidated undrained tests within this triaxial system showed that the shear
strength decreased after the rst cycle but then recovered between one and three
cycles. After three cycles, there was a further decrease again until seven cycles
had occurred after which a steady value was approached, as shown in Figure 2.30.
The recovery between one and three cycles was attributed to the change in soll
structure as a result of the formation of ice lenses. After one freeze-thaw cycle, a
crack across the entire width of the sample was observed which was not found in
the sample subjected to three cycles. Therefore, recovery in shear strength was
mainly dependent on the type and position of the cracks developed as a result of

ice lens formation.
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(@) (b)

(©)
Figure 2.29: Failure strength of di erent cooling temperatures under freeze-thaw cycles
(a) Cooling temperature of -5 C, (b) Cooling temperature of -10 C, and (c) Cooling
temperature of -15 C (Liu et al., 2016).

Figure 2.30: Mobilised shear strength plotted against axial strain for samples subjected
to multiple freeze-thaw cycles (Steiner et al., 2018).

Although the majority of previous studies revealed that an increasing number of
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freeze-thaw cycles has a deteriorating e ect on soil shear strength, Ono and Mitachi (1997)
observed that shear strength increased after one freeze-thaw cycle was applied. A
high plasticity clay was tested in a closed system and with one-dimensional freez-
ing. The increase in the shear strength found after the rst cycle was thought to
have occurred because the freeze-thaw cycle enhanced the bonding between soll
particles. However, it is believed that this is mainly controlled by the type of soill

as high plasticity clay experienced thaw consolidation during the thawing stage,
and this resulted in increased shear strength (tested after thaw settlement was
taken place). The main limitation of this study is that Ono and Mitachi (1997)
carried out only one freeze-thaw cycle and it would be more interesting if more
freeze-thaw cycle tests were conducted.

Table 2.1 summarises the results of di erent studies of freeze-thaw cycles on the soil shea
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Table 2.1: Results of previous studies on the e ect of freeze-thaw cycles on the shear strength of soils
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Shear strength decreased with int N
Wang et al. (2007) Clay 3D freezing in a closed systemcrease number of cycle until seven %
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Liu et al. (2016) Silty sand 3D freezing in a closed system Flrstly shear strength decreased and <.
then increased. céo
Steiner et al. (2018) | Clay 1D freezing in closed system iﬁ?ﬁ;;&rength decrease and thep
Li et al. (2018) Loesses 3D freezing in a closed system Shear strength decreased.
Xu et al. (2018) Loesses 3D freezing in a closed system Shear strength decreased.
Tang et al. (2018) Silty soil 3D freezing in a closed system Shear strength decreased.

Low plasticity

Xian et al. (2019) clay with silt

1D freezing in a closed system Shear strength decreased.

Ono and Mitachi

(1997) Clay 1D freezing in a closed system Shear strength increased.
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It can be concluded that many factors a ect the shear strength of soil after freeze-
thaw cycles. These include, for example, number of freeze-thaw cycles, type of
soil, direction of freezing (one-dimensional or three-dimensional), water content,
load, water supply (closed or opened system) and density. These factors could
contribute to the variation in the results under di erent tests conditions.

In terms of number of freeze-thaw cycles, it can be concluded that most changes
occur within the rst ten freeze-thaw cycles (1-10); moreover, the results always
demonstrate that there is a threshold value for soil shear strength and sti ness
within this range of cycles and that no further changes occur after that. This
threshold for soil shear strength can be linked to the concept of void ratio as sug-
gested by Viklander (1998) and relates to changes in the void ratio with number
of freeze-thaw cycles, explained previously in detail in Section2.4.1.

From previous literature it can be concluded that ner soil is most a ected by
freeze-thaw cycles as it is a ected by capillary action taking place during the
freezing process leading to migration of water inside the soil. Therefore, the soil
is more prone to frost heave as con rmed by Casagrande (1932). This could not
occur within a coarse grain soil. In addition, cracks were noticed within soil
samples after freeze-thaw cycles by many authors in the literature. However, a
guantitative correlation between nes content and shear strength under freeze-
thaw cycles has not be addressed and therefore, it is investigated in this study.
The direction of freezing (one-dimensional or three-dimensional freezing) con-
trols the location and the orientation of ice lenses which form during the freez-
ing. Therefore, this is important when the system used is an open system,

whereas it is less important if the freezing occurs in a closed system. In ad-

45



Chapter 2. Literature Review

dition to the availability of external water in an open system condition, one-
dimensional freezing should be provided in order to produce frost heave within
the soil. However, in a closed system the direction of freezing is less impor-
tant. The formation of ice structures during freezing and the subsequent found
cracks were found to be similar for both one-dimensional and three-dimensional
freezing in a closed system, and therefore the results obtained were almost the
same (Othman and Benson, 1993; LaPlante and Zimmie, 1993). This is also con-
rmed by Rosa et al. (2016) who recommended applying three-dimensional freez-
ing rather than one-dimensional as both gave the same results while three-dimensional
freezing saves time when tests are conducted in the laboratory.

Another factor which was di erent between studies was temperature. It can be
concluded that the temperature of freezing did not have a great in uence on the
freezing process as long as it was su cient to achieve the required temperature for
freezing the water within the soil. That temperature was dependent on the the
type of soil, as shown previously in Figure 2.2 in Section 2.2. This conclusion was
also con rmed by the results of Liu et al. (2016) which were carried out under
di erent temperatures. The time of freezing could also e ect on the behaviour
of soil when subjected to freeze-thaw; it was essential that the soil reach thermal
equilibrium with the surrounding temperature. Therefore, 24 hours was recom-
mended as freezing time (Kraus and Benson, 1994; Othman et al., 1994). The
water content of soil can also e ect on the shear strength of soil when subjected
to freeze-thaw cycles- the higher the water content, the more e ect of freeze-thaw
cycles on soil behaviour.

Furthermore, nes content has a signi cant e ect on the shear strength of soil,
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which will be discussed in detail in the following section.

2.5 Eect of nes on the shear strength of sand-silt mixtures

The e ect of ne content in the soil has been investigated by many researchers.
Zlatovt and Ishihara (1995) studied the e ect of non-plastic silt on the behaviour

of Toyoura sand. The samples were prepared in a loose state with varied per-
centages of silt from 0 - 100% by weight. Figure 2.31 shows the stress paths
and stress-strain behaviours. The results showed that as silt content increased
up to 30%, the maximum and the residual shear strength decreased whereas soll
contactiveness increased. However, with further increases in silt content, results

showed that strength increased and contractiveness decreased.

Figure 2.31: Stress path (left) and stress-strain curves (right) of dry placed Toyoura
with silt (Zlatovtc and Ishihara, 1995)

In addition, the e ect of ne content on the static liquefaction was investigated

by Lade and Yamamuro (1997). Static liquefaction refers to the reduction of
shear strength as a result of increase in pore water pressure under static loading.
Undrained monotonic tests were carried out on soil samples with di erent non-
plastic ne content. The results revealed that with increasing ne content the
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potential for static liquefaction increased. The nes appeared to create a particle
structure which is highly compressible and increases the potential for liquefaction
even though the density of the soil increased, as shown in Figure 2.32. This be-
haviour occurred below a critical limit of nes content and after that the potential

for liquefaction became constant with respect to relative density. It was indicated
that complete static liquefaction could occur at a relative density greater than

60% at high nes content.

Figure 2.32: Static liquefaction potential increases as nes content and density increase
on Ottawa 50/200 sand at 25kPa initial con ning pressure. (a) E ective stress paths in

the po-q diagram. (b) Stress di erence versus axial strain (Lade and Yamamuro, 1997).
Salgado et al. (2000) studied the e ect of non-plastic nes on the mechanical
behaviour of Ottawa sand at small and large shear strains. The samples were
prepared at di erent relative densities and with di erent ne contents between
5% and 20% by weight. The drained triaxial test results showed that at a given
relative density and stress level, the small strain sti ness decreased dramatically
even if the percentage of nes was small. Moreover, both the peak and the
critical friction angles increased with the addition of further nes. Figure 2.33
shows the results of the dense samples, whereas Figure 2.34 shows the results

of the loose samples. In addition, the dilation increased with increasing nes
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content. The increase of the peak and the residual internal friction angles, despite
the decrease in the stiness at small strain with increasing nes content, was
interpreted as follows. At the beginning of the shearing stage, the nes particles
were not located in positions which gave optimum interlocking at small strains.
However, as shearing progressed, the nes particles relocated with more stable
positions resulting in an increase in interlocking between the patrticles, as well as
in dilatancy and shear strength. It is important to mention that Salgado et al.
(2000) stated that this mechanical behaviour is speci c to the gradation which

were used in his study.

Figure 2.33: Drained triaxial compres- Figure 2.34: Drained triaxial compres-
sion tests on dense samples of Ottawa sion tests on loose samples of Ottawa
sand with various silt contents under sand with various silt contents under
low e ective con ning stress (Salgado high e ective con ning stress (Salgado
et al., 2000). et al., 2000).

Another study was carried out by Murthy et al. (2007) to investigate the e ect of

non-plastic silt on the mechanical behaviour of Ottawa sand. A series of mono-
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tonic undrained triaxial tests were prepared using two methods: slurry deposition
and moist tamping with silt contents ranging from 0 to 15%. The results revealed
that the nes lead to a downward shift of the critical state line in the void ratio-
mean e ective stress space and that the critical internal friction angle increased.
Furthermore, it was observed that the initial fabric had an e ect on the initial
stage of shearing and its e ect then vanishes as shearing progresses. The results
demonstrated that the moist tamped method led to larger undrained instability
state strengths for samples than their slurry deposited counterparts. However,
both methods reached unique critical state locus. Belkhatir et al. (2011) investi-
gated the e ect of intergranular void ratio on the undrained residual strength of
loose, medium and dense sand. These tests were carried out on sand-silt mixtures
under a monotonic triaxial test and liquefaction potential under cyclic loading
was also examined. The samples were prepared with ne content ranges from
0% to 50% by weight. Figure 2.35 shows the variation in residual shear strength
with relative density for di erent ne contents. The results indicate that there is
signi cant increase in residual shear strength with the initial relative density of

undrained triaxial test, whereas it decreased with the increase in ne content.
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Figure 2.35: Residual shear strength versus relative density for various
nes contents (Belkhatir et al., 2011).

The static and dynamic properties of sand-silt mixtures were studied by Hsiao
and Phan (2014) to investigate the e ect of low plastic silt content on the sand
silt mixture. The samples were prepared with silt contents which ranged from

0 to 50%. Static and dynamic triaxial tests were performed. The samples were
prepared in three di erent ways: rstly with a constant void ratio index, secondly
with a constant relative density and nally with a constant deviator stress. The
test results obtained for both the constant void ratio tests and constant relative
density specimens showed that as silt content increased, there were decreases in
the internal friction angle, cyclic stress ratio and maximum shear modulus, while
cohesion increased. For the samples prepared with the same deviator stress, both
internal friction angle and cohesion signi cantly changed. Phan et al. (2016)
investigated the e ect of low plastic nes content (ranging from 0% to 50% by
weight) on the mechanical behaviour of sand. A static triaxial test and a consol-

idation test were carried out to nd the e ect of the nes on cohesion, internal
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friction and the compression index. The specimens were prepared under three

conditions: constant void ratio ofe = 0:582, same peak deviator stress of 290

kPa and constant relative densityD,= 30%. Drained and undrained consolida-
tion tests were carried out. The results of both the constant void ratio case and
the constant relative density case show that internal friction decreased whereas
cohesion increased with increasing nes content. However, for the specimens pre-
pared with constant deviator stress both the cohesion and the internal friction
angle signi cantly altered. The behaviour of sand-silt mixtures were investigated
by Karim and Alam (2017) using undrained monotonic triaxial tests. For samples
at the same relative densities, the results showed that the limiting ne content
(LFC) is a very important concept at which the mixture changed its behaviour.
When the ne content was less than the limiting silt content, the shear strength
decreased with an increase in the silt content. Whereas, with further increase in
silt content, the shear strength was insensitive to any change in silt content.
Despite all the previous studies regarding the e ect of nes on the shear strength
of soils, no studies were found regarding the e ect of silt content on the shear

strength of sand-silt mixtures for samples which were exposed to di erent num-

bers of freeze-thaw cycles. Therefore, this area is investigated in this novel study.

2.6 Concluding remarks

In this chapter, a review which relates to freezing soil and includes reference to
freezing process, unfrozen water content, capillary model and thaw settlement
is presented. Additionally, the behaviour of di erent soils (depending on their

grain size distribution) after freeze-thaw cycles is described. Studies involving
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the e ect of freeze-thaw cycles on the properties of soils are also investigated,
with a focus on soil shear strengths after di erent numbers of freeze-thaw cycles.
In addition, the e ect of nes on the shear strength of soil is also presented. A

review of literature highlights some speci ¢ aspects and includes the following:

1. Freeze-thaw cycles have signi cant e ects on the properties of soils including
hydraulic conductivity, void ratio, resilient modulus, stiness and shear

strength.

2. Dierent types of soil are aected dierently when exposed to di erent
numbers of freeze-thaw cycles. Fine soil is more a ected by freeze-thaw
cycles than coarse soil because it is more prone to the capillary action of

water during freezing.

3. The e ect of freeze-thaw cycles on the shear strengths of soils shows varied
results depending on the source used in literature. This is because studies
vary in their use of types of soil, in freezing and thawing techniques and in
choices of initial conditions. When soil was subjected to three-dimensional
freezing, the shear strength mainly decreased with an increasing number
of freeze-thaw cycles. Regarding the direction of freezing, many authors
showed that similar results can be reached when applying one and three-
dimensional freezing and it was recommended that using three-dimensional
freezing instead of one-dimensional freezing was acceptable as both give the
same results but one-dimensional freezing took a longer time to perform
during the experimental work. However, an unexpected case was found

in the literature which showed that shear strength of high plasticity clay
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increased after being subjected to one freeze-thaw cycle. Therefore, it could
be a case where the soil was high plasticity clay and in one-dimensional
freezing led to an increase in shear strength.

Silty sand soils which can be found widely in the eld are tested in this
study. A freeze-thaw triaxial system is developed which considers di erent
eld conditions, as detailed in Chapter Three. The results of these tests,
carried out to investigate the e ect of di erent numbers of freeze-thaw cycles

on the stress-strain behaviour of the soil, are presented in Chapter Five.

4. Although there are many studies on the e ect of ne content on the be-
haviour of sand, the literature does not investigate the e ect of silt content
on the shear strength of sand-silt mixtures when exposed to di erent num-

bers of freeze-thaw cycles. Accordingly, this is investigated in Chapter Six.

5. The e ect of freeze-thaw cycles on the grain size distribution is not clear

and needs more investigation. This is investigated in Chapter Six.

6. No mathematical correlation has yet been established in the literature which
can predict the changes in shear strength for sand-silt mixtures with di er-
ent silt contents when subjected to di erent numbers of freeze-thaw cycles.

Therefore, such a correlation is established in Chapter Six.
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3.1 Introduction

A review of devices that have been used to undertake experimental freeze-thaw
studies on soils, as presented in the literature, are discussed initially in this chap-
ter. Then, the design and construct of a new laboratory testing system which is
capable of applying freeze-thaw cycles under various stress state to an element of
soil, is introduced along with the theoretical design calculations and distinguish-
ing features which allow the system to meet the design objectives. Moreover,
the results from several preliminary tests, which were performed to improve the

system performance, are presented.

3.2 Dierent experimental techniques for investigating the e ect of

freeze-thaw cycles

Various experimental techniques have been used to study the e ect of freeze-thaw
on soil and consequently provide di erent environments of freeze-thaw cycles.
Before starting design a freeze-thaw cycle system for this study, it was necessary

to review the techniques used in previous studies and parameters considered in
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their studies.

Large and small samples for freezing were prepared by Viklander (1998) using two
di erent approaches to freeze the samples. The rst system, shown in Figure 3.1,
consisted of a cylinder with 70mm thick insulation, creating a one-dimensional
closed freeze-thaw system. A mixture of alcohol and water was circulated in
specially design upper and lower caps. The second method involved the use of
a small cylinder using 50mm of Styrofoam insulation that was contained in cold
storage for at least four days. The cylinder perimeter and bottom were insulated,

and therefore freezing propagated in one dimension from the upper surface.

Figure 3.1: A view of the large wall PVC-permeater type
(F) (Viklander, 1998).

Figure 3.2 represents the servo-hydraulic closed-loop soil testing setup designed
by Simonsen and Isacsson (2001). The set up consists of a digital controller, ac-
tuators for axial and lateral stress, and fully automated software for equipment
control and data acquisition. The function of the digital controller is for control-
ling nitrogen circulation through the heat exchanger as well as controlling the
internal heater. A short-stroke linear variable transducer (LVDT) was mounted
on the triaxial cell to measure the axial displacement. Moreover, a radial exten-
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someter was introduced on the specimen to measure the radial strain. To measure

the axial load, a base mounted load cell was introduced.

Figure 3.2: Closed-loop servohydraulic test. (Simonsen and Isacsson, 2001).

A one-dimensional system was successfully deployed by Qi et al. (2008). The
freezing was applied unidirectionally from the top by decreasing the temperature
of the top cap to between -5C and -20 C while maintaining the bottom at a
constant temperature (1C). The freezing was stopped when there was no further
signi cant frost heave. For the thawing process, the temperature of the upper

cap was increased up to 2€ as shown in Figure 3.3.
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Figure 3.3: Diagram of freeze-thaw apparatus (Qi et al., 2008).

Reconstituted silty clay samples were prepared by Yao et al. (2009) by compress-
ing samples into cylinders under laterally con ned conditions which were then
transferred to an environmental box. Yao et al. (2009) used the same system
designed by Qi et al. (2008), as shown in Figure 3.3 but without a supply of
water, resulting in a closed system. In another study, the freeze-thaw cycles were
applied by freezing the samples in a cabinet for a day followed by thawing at
22 C for another day (Ahmed and Ugai, 2011).

As shown in Figure 3.4, a triaxial freeze-thaw apparatus with an in-built cooling
system was used by Ishikawa and Miura (2011). In this system, the temperature
of the cap and the pedestal can be controlled individually. Along with the wa-
ter maintained at 2 C circulating in between the inner and outer cell to provide

a constant temperature boundary, the cap and pedestal temperature di erence
is maintained at a specic value to obtain the required temperature gradient.
Furthermore, acrylic cylindrical cell, to allow the impact of frost-heave to be in-

vestigated was attached via a 0.3 mm thick membrane to the outer surface of the
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specimen, constraining the lateral displacement during the freeze-thaw cycles.

Figure 3.4: Freeze-thaw triaxial apparatus (Ishikawa and Miura, 2011).

Figure 3.5 describes the machine designed by Zhang et al. (2014) to carry out
freeze-thaw cycles. In this system, a cylindrical Perspex cell, thermally insulated
laterally, is placed in the test machine box. Several probes to measure tempera-
ture and pore pressure were introduced in the cylinder at various levels. On the
top plate, a displacement gauge was tted to measure the vertical displacements
of soil samples. A reservoir bottle was used to track the change in the volume
of supplied water in real time. To measure the pore water pressure, a gauge
was designed which consisted of three parts: a porous ceramic cup, a pressure
transducer and a plastic tube joining the two. The latter was lled with alcohol

in order to permit pore pressure measurements in freezing temperatures. The
ceramic cup permitted water to pass freely but prevented alcohol to ow inside

the sample.
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Figure 3.5: Sketch of the freeze-thaw testing system (Zhang et al., 2014).

Wang et al. (2015) studied the frost heave of silty soil of subgrade Il material.
The main components of the system (as shown in Figure 3.6) are: a sample cell,
top and bottom cold plate, constant-temperature cold baths, Markov bottle, a
data acquisition system and sensors for measuring temperature and displacement.
The system simulated a one-dimensional system, whereas, the Markov bottle
simulated the recharging of the water in the eld. The freeze-thaw cycles were
designed to be 28 hours of freezing followed by 12 hours of thawing. Then 12
hours more freezing followed by 12 hours of thawing, etc. This continued for a
total of 7 cycles. The rst freezing involved two processes: an isothermal process
which was to ensure the inside of the sample could reach a temperature of €1
This lasted for 14 hours, and be followed by 14 hours of freezing. Then the thaw

process was initiated by setting the top plate to 5C.
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Figure 3.6: Test device for frost and thaw subsidence tests (Wang et al., 2015).

Rosa et al. (2016) developed a cyclic freeze-thaw test to investigate the volume
change, water content, and the resilient modulus of di erent soils stabilized with

y ash after freeze-thaw cycling. Both one and three-dimensional freezing were
considered in the study. The three-dimensional freezing test was faster in terms
of completing freeze-thaw cycles than the one-dimensional and showed very sim-
ilar results. Figure 3.7 shows the set up for one-dimensional freezing. For one-
dimensional freezing simulation, the specimens were insulated with 200mm thick
insulation around the circumference of the sample and placed horizontally with
open ends to permit the heat ow through the ends. Fifteen thermocouples were
placed within the sample to monitor the temperature. To apply three dimen-

sional freezing, no insulation was used around the samples. Rosa et al. (2016)
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recommended to freeze-thaw samples in three dimensional process to save time,

as both one and three-dimensional freezing showed very similar results.

Figure 3.7: Soil sample set up for 1-D freeze-thaw cycling (Rosa et al., 2016).

Undisturbed samples were prepared by Cui et al. (2014) and frozen in a chamber.
The samples were then allowed to thaw at room temperature before testing in a
triaxial system.

Most of the techniques discussed earlier in this chapter focus on frost heave testing
during freeze-thaw cycles; this has been extensively studied for the last 75 years,
and to a greater degree than stress-strain behaviour of soils after freeze-thaw
cycles. Moreover, even for researchers who studied the mechanical properties
of the soil after subjection to the cycles, these freezing techniques were used in
situations where it was not possible to apply stress during the freeze-thaw cycles.
Therefore, in this study, the aim is to design a laboratory testing system which
is capable of applying freeze-thaw cycles to an element of soil while in a realistic
stress condition and subsequently investigate the sample response to shearing.

All the details will be explained in the following sections.
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3.3 Design objectives

The nature of the freezing environment including whether temperature variations
propagate solely from the surface or also from the horizontal direction (one or
three-dimensional freezing), the rate of freezing and the magnitude of temperature
uctuations, needs to be considered in the design of the experimental apparatus.
The design in this study aims to have a three-dimensional cyclic freeze-thaw sys-
tem with the ability to impose di erent stress conditions and subsequently to
investigate the stress-strain behaviour. Three-dimensional freezing is adopted in
this study in order to represent the freeze-thaw cycles occurring as a result of
ground freezing or energy piles in the eld where the all-around freezing occurs.
The structure of ice formed during freezing, was noticed to be similar for both one
dimensional and three dimensional freezing and therefore the subsequent crack-
ing and results after thawing were almost identical (Othman and Benson, 1993).
This was also con rmed by LaPlante and Zimmie (1993). Rosa et al. (2016) rec-
ommended the application of three dimensional freezing in the freeze-thaw proce-
dure test rather than the use of one dimensional freezing as the same results were
obtained from both methods. However,the latter took a longer time to perform

in the laboratory (Rosa et al., 2016).

The system must be able to control and maintain the soil sample temperature
in addition to monitoring volume changes of the samples during the freeze-thaw
process. Once the freeze-thaw cycles have been imposed, the system must be able

to load the sample and monitor the deviatoric stress and strain response.
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3.4 Cooling system design considerations

The freeze-thaw system works by passing a uid, at a controlled temperature,

through a coil of pipe placed within the triaxial cell as shown in Figure 3.8.

Figure 3.8: The developed cell of freeze-thaw triaxial system.

According to the freezing system in this study, there are three main heat transfer
processes, rstly between ethylene glycol inside the cell and the cell wa@)4),
secondly a heat transfer occurs as a result of ethylene glycol ow inside the copper
pipe (Q2) and thirdly the heat transfer between ethylene glycol inside the copper
pipe and the copper pipe wall inside the triaxial cell @3). Calculations were
undertaken to determine the required length of pipe inside the cell in order to
control and maintain the temperature of the cell uid given the losses. These
calculations include equations based on thermodynamics principles which are

explained in the following list:

1. The heat conduction between the liquid inside the triaxial cell and the wall
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of the cell is given by the following equation (Bergman et al., 2011):

2 iLdT2 Ty
In(E2)

Q1=

(3.1)

where Q; is the heat conduction transfer rate in Watt, T, and T, are the
temperatures inside and outside the cell respectively irC, R; and R, are
the internal and external radius of the cell in m, ; is the conductivity of

the cell wall (Perspex) in Wem C and L. is the height of the cell, in m.

2. The rate of heat transfer of the liquid through the copper pipe is given by

the following equation (Bergman et al., 2011):

Q2=mCy(Ts Ts) (3.2)

where Q, is the heat transfer rate in Watt, C, is the specic heat of the
liquid in J=kg C, T3 and T, are the temperatures of the liquid in the inlet
and the outlet of the pipe respectively in C, m is the mass ow rate in

kg=sec which can be obtained from the following equation:

m = ¢ (3.3)

where g is the volumetric ow rate in m3=sec and is the density of the

liquid inside the pipe, in kgemS.

3. The heat conduction transfer rate between the liquid inside the pipe and
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the pipe wall is given by the following equation (Bergman et al., 2011):

Qs = 2 3L(Te Tx) (3.4)

In(Ee)

where Q3 is the heat conduction transfer rate in Watt, Ts and Tg are the
temperatures inside and outside the pipe inC, R; and R, are the internal
and external radius of the pipe in m and 3 is the conductivity of the pipe
wall (copper) in W=m C andL is the length of the copper pipe inside the

cell in m.

In this study, a temperature of -10C was aimed for the liquid inside the cell.
Based on the thermal equilibrium in the system, the following equation was ap-

plied to determine the required length of the copper pipe:

Q3= Q1+ Q (3.5)

The length of the copper pipe inside the cell was calculated to be 1.46m as detailed
in Appendix A. However, the length was increased to be 1.8m to ensure the system
reached the required temperature. First, the copper pipes were heated and then
bent to form spiral loops. It consists of 9 loops with an external diameter of

65mm for each loop.

3.5 System components

In this section, the nal design will be explained in detail. However, the design

process will be explained in Section 3.6.
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The system consists of two main components as shown in Figure 3.9. Firstly, a
standard triaxial apparatus is used to contain the sample, maintain a set stress
condition during freeze-thaw cycling and to apply and monitor the response to
the mechanical loading of the sample. The second component of the freeze-thaw
system is the temperature control device which consists of a reservoir of uid
contained within a freezer unit. Computer controlled pumps circulates this uid
around a heat-transfer coil within the triaxial cell thus controlling the temperature

of the uid inside the cell and therefore the soil sample.
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Figure 3.9: Diagram of freeze-thaw system.(a) load cell, (b) LVDT, (c and d) ther-
mistors, (e) junction box, (f) cell controller, (g) back controller, (h) electronic box,
(i) power supply, (j and k) level sensors, (l) data acquisition, (m and n) pumps, (0)
extension ring, (F1) freezerl, (F2) freezer2
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3.5.1 The triaxial components

A standard cell con guration of 0.1m diameter and 0.3m length was used (Fig-
ure 3.10a). The cell wall is made of Perspex with a conductivity of 4W/mC
(Groover, 2007). The system has two advanced GDS digital pressure/volume
controllers: one for the cell (con ning) pressure and the other for back (sample)
pressure (Figure 3.9 f and g). For applying a vertical load, a 50kN GDS load
frame was used for this research. An external load cell with a maximum capacity
of 5kN was mounted on the frame through a ball joint connector (Figure 3.9 a).
Moreover, in the system, an eight channel serial pad data acquisition was used
(Figure 3.9 e) to record readings from the load cell, pore water pressure transducer
and the displacement transducer. To measure the vertical displacement during
the shearing stage, a Linear Variable Di erential Transformer (LVDT) was used
(Figure 3.9 b). It was attached externally on the triaxial cell with the load arm
and has a maximum range of 50mm. A 1MPa pore pressure transducer was tted
directly into the pore water port to measure the pore water pressure inside the
specimen. The user PC running Window® and GDSLAB software controlled
the system and data acquisition. The recorded raw data was composed of radial
pressure (kPa), radial volume (mm), back pressure (kPa), back volume (m#),

load cell (kN), axial displacement (mm) and pore pressure (kPa).
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