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Abstract

Frozen ground is soil or rock below 0 °C and a natural composite of solid particles, ice,
water and air. When the soil freezes, the ice cements the soil particles together, leading
to increased strength and lowered permeability. Temperature, salinity, strain rate and soil
composition control the mechanical behaviour of frozen soil. The mechanical behaviour
is particularly susceptible to alteration at temperatures near the point of thaw, where phase
changes occur. Thawing ground may initiate landslide, increased frost heave and addi-
tional settlements. Thus, understanding the effect of each parameter on soil strength is

important for geotechnical engineering in cold regions.

Numerous studies have been conducted to investigate which parameters impact the be-
haviour of frozen soil. However, the amount of research on saline frozen clay is limited,
especially at subzero temperatures close to 0 °C. Additionally, few studies have been per-
formed on pore water response in frozen fine-grained soils. This thesis conducts triaxial
testing on frozen saline Onsg@y clay to examine the effects of different parameters on soil

strength and pore water response.

The results show that temperature is the most important factor considering both soil strength
and pore water response in frozen soil. Strength increases linearly with decreasing temper-
ature in the tested temperature range. Furthermore, salinity, strain rate and mean effective
stress was found to influence soil strength. Pore water measurements recorded suction in
several tests, reasons for suction in frozen soil is proposed and discussed. Lastly, a regres-

sion analysis is constructed to summarize the parametric effects on saline frozen clay.
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Sammendrag

Frossen grunn er jord eller stein med temperatur under 0 °C og betegnes som et naturlig
kompositt bestdende av mineralkorn, is, vann og luft. Nar jorden fryser, sementerer isen
jordpartiklene sammen, noe som fgrer til gkt styrke og senket permeabilitet. Temper-
atur, saltinnhold, tgyningshastighet og jordsammensetning kontrollerer den mekaniske
oppferselen til frossen jord. Den mekaniske oppfgrselen er spesielt utsatt for forandring
ved temperaturer ner tinepunktet, hvor faseendringer finner sted. Tining av frossen grunn
kan fgre til skred, telehiv og ytterligere setninger. Det er derfor viktig a forsta pavirkningen

til de ulike parametrene pa den frosne jordens styrke.

En rekke studier har blitt utfgrt for a undersgke hvilke parametere som pavirker den
mekaniske oppfgrselen til frossen jord. Det er derimot kun utfgrt et begrenset antall studier
pa saltholdig frossen leire, spesielt ved temperaturer nart tinepunktet. I tillegg er det utfgrt
fa studier pa oppbyggingen av poretrykk i finkornet frossen leire. Denne oppgaven utfgrer
treaksialforsgk pa frossen saltholdig leire fra Onsgy for a undersgke hvordan styrke og

poretrykk pavirkes av ulike parametere.

Resultatene viser at temperatur er den mest avgjgrende faktoren nar det kommer til styrke
og oppbygging av poretrykk i frossen jord. Styrken i jorda gker line®rt med avtagende
temperatur i det testede temperaturomradet. Videre er det bevist at saltinnhold, tgyningshastighet
og gjennomsnittlig effektivspenning pavirker den mekaniske oppfgrselen til frossen jord.
Porevannsmalinger registrerte sug for flere tester, og det blir diskutert hvorfor dette kan
oppsta i frossen jord. Til slutt er det utfgrt en regresjonsanalyse for a oppsummere de

parametriske effektene pa saltholdig frossen leire.

iii



iv



Preface

This master thesis is written in conjunction with the course TBA 4900 Geotechnical Engi-
neering, Master Thesis. It is written as a part of a 5 year MSc in Civil and Environmental
Engineering at the Norwegian University of Science and Technology (NTNU). The thesis
was carried out during the spring of 2020, and is connected to a science project called

Nunataryuk.

First and foremost, we would like to thank PhD Candidate Chuangxin Lyu, who in addition
to developing this thesis, has helped us with laboratory work and academic knowledge. We
would also like to give our gratitude to our supervisors, first Prof. Gudmund Reidar Eik-
sund, later Prof. Rao Martand Singh, for their guidance throughout the whole working
period. Finally, we would like to thank our fellow students for all the good advice, help

and memories you have given us.

It is further assumed that the reader has basic knowledge of classic geotechnics.




vi



Table of Contents

Abstract i
Sammendrag iii
Preface v
Table of Contents X
List of Tables xi
List of Figures XV
Abbreviations xvii
1. Introduction 1
1.1. Background . . . . . . . ... . 1
1.2, Objectives . . . . . . o o v i e e e e 2
1.3. Approach . . . . . . .. 2
1.4, Limitations . . . . . . . . . . e e e e e e 3
1.5. Outline . . . . . . . . . e e 3
2. Basic Theory 5
2.1. FrozenGround . . . . . .. . . . . . .. ... 5
2.2. Unfrozen Water Content . . . . . . . . . . . . v ... 7
230 Salinity . . .. 9
24. Thawing . . . . . . . .. 11

vii



3.

Literature Review

3.1. Pore Water Pressure in Partially Frozen Soils . . . . . . ... ... ...
3.1.1. Measuring Pore Water Pressure . . . . . .. ... ... .....
3.1.2. Variables Affecting Pore Water Pressure . . . . . . .. ... ...

3.2. Parameters Affecting Undrained Shear Strength . . . . . ... ... ...
3.2.1. Confining Pressure and Mean Effective Stress . . . . . . ... ..
3.2.2. Unfrozen Water Content and Salinity . . . . ... ... .....
3.23. Temperature . . . . . . . . ... .o
324. StrainRate . .. ... .. ... ... oo L.

3.3. AreaCorrection . . . . . . . ...

Experiment

4.1. Index Testing . . . . . . . . . oo i i it

4.2. Performed Triaxial Tests . . . . . .. ... ... ... ... .. .....

43. Equipment. . . . . . ... e e e e
43.1. ColdLaboratory . . . ... ... ... ... ... ... ...
432, Cell .. .. e
4.3.3. Pore Pressure Measurements . . . . . . . . ... ... ... ...
4.3.4. Circulation Thermostat . . . . . ... ... ... .........
4.3.5. Freezing Liquidand Cell Oil . . . . . . ... ... ... .....
4.3.6. Cell and Back Pressure Piston . . . . . ... ... ........
437. LVDT . . . . e
43.8. Software . . .. . ...
4.39. Emergency Stop . . . . . ..o

4.4. Procedure for Triaxial Testing . . . ... ... ... ... ... .....
4.4.1. Sample Preparation . . . . ... ... ...
4.4.2. Equipment Preparation . . . . . ... ... ... .........
443. SampleBuildIn . . ... ... ... 0 oo
4.44. Isotropic Consolidation . . . . . ... ... ... .. .......
445, MainTesting . . . . . . . . . e
44.6. BuildOutSample. . . .. ... ... ... ... ... ...

45. Sourceof Errors . . . . . . . ...
4.5.1. Temperature . . . . . . . ... ...
4.5.2. Artificial Freezing . . . . ... .. ... ... . ...
453. DeformationMode . . . . . .. ... ...

Soil Description

5.1. Soil Characterization . . . . . . . . . . . . . o o v v i
52, Site . .. e e e
5.2.1. DepositionHistory . . . . ... ... ... .. ... ... ...,

13
13
14
15
16
16
17
19
20
21

23
23
24
25
25
25
25
27
27
28
28
28
28
28
29
30
31
33
36
37
38
38
38
39

viii



5.3. Remoulded Samples . . .. ... ... ... . ... . ... . .. ...,

6. Results and Discussion of Triaxial Testing

6.1.
6.2.
6.3.

6.4.

6.5.

6.6.

6.7.

6.8.
6.9.

General Commentson TestResults . . . . . . ... ... ... ......

Possible ErrorsinSome Tests . . . . . . .. . ... . ... ........
Shear Test . . . . . . . . . . e

6.3.1.

Effective and Total Stress . . . . . . . .. . ... ... ......

Porepressure . . . . . . . ...

6.4.1.
6.4.2.
6.4.3.

Pore Pressure and Temperature . . . . . . . ... ... ......
Pore Pressure and Cell Pressure . . . . . . ... ... ......
Suction . . . ...

Deviatoric and Mean Effective Stress . . . . . . . . ... ... ... ...
Water Content and Salinity Effect . . . .. ... ... ... .......

6.6.1.
6.6.2.

Water Content . . . . . . . . . . ...
Salinity . . . . . . ...

Temperature Effect . . . . . . .. ... ..

6.7.1.

Peak Deviatoric Stress vs. Temperature . . . . . ... ... ...

Strain Rate Effect . . . . . . .. . ... ... ... .
Regression Analysis . . . . . . .. .. ...

6.9.1.
6.9.2.
6.9.3.

EquationI. . . . ... .. ... ...
EquationIl . . ... ... ... .. ... . ... .. ...,
EquationIIT . . . . . .. ... ... ... ... .. ... . ....

7. Conclusion and Further Work

7.1.

Conclusion . . . . . . . . . e

7.2. Recommendations of Further Work . . . . . . . ... ... .. ......

Bibliography

A. Soil characterization
Mapof Site . . . . . . . . e
Water Content, Plasticity, Grain Size and Salinity with Depth . . . . . . .

Al
A2
A3.

Unit Weigth, Preconsolidation Stress and Undrained Shear Strength with

Depth

B. Shear Test

B.1.
B.2.
B.3.
B.4.
B.5.

Test no.
Test no.
Test no.
Test no.
Test no.

67
67
68

71

75
76
77

78

79
80
82
84
86
88




B.6. Testno. 7 . . . . . . . . e 90

B.7. Testno. 8 . . . . . . . . e 92
B8. Testno.9 . . . . . . . ... 94
B.9. Testno. 10 . . . . . . . . 96
B.10.Testno. 11 . . . . . . . . e 98
B.ll.Testno. 12 . . . . . . . .. e 100
B.12.Testno. 13 . . . . . . . o 102
B.13.Testno. 14 . . . . . . . e e 104
B.14.Testno. 15 . . . . . . . . e e 106
B.15. Testno. 17 . . . . . . . . . e 108
C. Computation 111
D. Testing Form 113




List of Tables

2.1. Reference temperature, Velli and Grishin (1983). . . . . ... ... ... 10
4.1. Testoverview. . . . . . . . o i e e 24
6.1. Overview of testresults . . . . . . . . . . . ... ... ... ... ..., 47
6.2. Comparison of test results with relevant literature. . . . . . . . . ... .. 59
6.3. Resulting exponents from the regression analysis. . . . . ... ... ... 65

Xi



Xii



List of Figures

2.1.

2.2.

2.3.

24.
2.5.

2.6.

3.1.

3.2.

3.3.

3.4.

3.5.

3.6.

Components of unsaturated ice rich frozen soil. Modified after Ting et al.
(1983). . . o o
Cooling curve for water in soil. Modified after Andersland and Ladanyi
(2004). . . . o
Phase composition curves for five different soils. (Anderson and Morgen-
stern, 1973) . . . . .
Phase diagram for a HO—NaCl solution. (Farnam et al., 2014) . . . . . .
Settlements due to thawing of ice-rich permafrost in Fairbanks. Photo by
Romanovsky (2018). . . . . . . . ...
Common void ratio vs. pressure curve for thawing frozen soil. Modified
after Andersland and Ladanyi (2004) . . . . . . . ... . ... ... ...

Pore water pressure at subzero temperatures close to 0 °C. (Zhang et al.,
2016) . .o
Linear dependency between g and p’. Tested with a strain rate of 0.6%/h.
(Wang and Nishimura, 2017) . . . . . . . ... ... ... ... ....
Volumetric unfrozen water content vs. temperature for a fine silty sand.
(Hivon and Sego, 1995) . . . . . . . . . . ..
Strength compared to salinity. Strength is normalized by dividing recorded
strength at given salinity with strength at zero salinity, o(S)/o(S = 0).
Experimental data from Ogata et al. (1983), Hivon and Sego (1995) and
Pharr and Merwin (1985).. . . . . . . . . . . . ... ... ...
Results from triaxial tests performed on ice-rich soil samples with axial
strain rate of 0.018 %/h. (Yamamoto and Springman, 2014) . . . . . . . .
Results from uniaxial testing on frozen silty sand showing compressive
strength vs. temperature at 10 % strain. (Hivon and Sego, 1995) . . . ..




3.7. Results from triaxial testing on frozen clay preconsolidated to 400 kPa.
Showing undrained shear strenght vs. temperature. (Wang and Nishimura,
2017) .« o

3.8. Stress-strain curves for sand with different applied strain rates at -10 °C.
(Bragg and Andersland, 1981) . . . . ... ... ... ... o oL,

3.9. Log-log relationship between shear stress and axial strain rate for varying
temperatures. (Wang and Nishimura, 2017) . . . .. ... ... ... ..

3.10. Typical deformation modes during triaxial testing. (Mulabdic”, 1993)

4.1. Schematic diagram of the triaxial cell with built-in soil sample. . . . . . .
4.2. Coil system inside the triaxialcell. . . . . . ... ... ... ... ....
4.3. Sample set up before artificial freezing. . . . . ... ... ... ... ..
44. Valveswhenclosed. . . . . . . ... ...
4.5. Cell pressure piston (bottom) and back pressure piston (top) is regulated

from panels or GDSLAB software. . . . . . ... ... ... .......
4.6. Sample with membrane and o-rings. . . . . . ... ... ... ... ...
4.7. Setup for filling the cell withoil. . . . . .. .. ... ... ... .....
4.8. LabVIEW: Start/Endtab. . . . . . .. ... ... ... .. ........
49. Loadcellpanel. . . . . ... ... ... . ... ...
4.10. Constant rate tabin LABview. . . . . . .. ... ... ... .......
4.11. GDSLAB opening window. . . . . . . . ... ... ...
4.12. GDSLAB Add Test tab. . . . . . . . ... ... ... ... ... ...
4.13. GDSLAB window showing test graphs. . . . . . ... ... ... ....
4.14. Cross-section of artificial frozenclay at-5°C. . . . . . . ... ... ...
4.15. Cylindrical deformationmode. . . . . . . . . ... ... ... ......

4.16. Hourglass deformationmode. . . . . . . . . ... ... ... ... ....

5.1. Location of boreholes with north and east coordinates in EUREF89 UTM

32N on map. Coordinates from Gundersen et al. (2019); map from Norgeskart

(2020). . . .
5.2. Quaternary map showing marine deposits. The red square marks the site.
Screenshot from NGU.no (2020) with legend translated to English. . . . .

6.1. Typical shear test results are shown with q - p’ and q - €,. From test no. 9.
6.2. Total and effective stress analysis’ dependency on unfrozen water content.
A certain UWC, shown with x, marks the change between total and effec-
tIVE SIIESS CONMCEPLS. . . . . v v v v e e e
6.3. Pore pressure vs. Temperature for saline frozen clay with varying strain
rate and total mean stress. . . . . ... ...

32

43

44

Xiv



6.4.

6.5.

6.6.

6.7.

6.8.

6.9.

6.10.

6.11.

6.12.
6.13.

6.14.

6.15.

Al
A2.

A3.

Test results from test no. 9 showing pore pressure vs. strain. Change in
strain rate are shown to illustrate how testing is performed. . . . . . . . .
Pore pressure vs. Temperature distribution for saline frozen clay run at 1
%/ strain rate showing the effect of water content. . . . . . . ... ...
Pore pressure vs. confinement pressure. The curves show test results for
1%/h strain rate, and the single points show results for 0.2%/h. . . . . . .
Mean effective stress vs. Peak deviatoric stress. Strain rate of 1 %/h.
Compared with data from Wang and Nishimura (2017). . . . . . ... ..
Water content vs. peak deviatoric stress. Strain rate of 1%/h. Hollow
symbols are natural whereas filled symbols are remoulded samples.

Volumetric unfrozen water content with deviatoric stress. Strain rate of 1

Salinity with deviatoric stress. The strength decreases for high salinity
samples. . . ...
Peak deviatoric stress vs. temperature with varying strain rates and mean
effective stress. . . . . . . . L
Distribution of volumetric unfrozen water content. . . . . . . . . ... ..
Relationship between volumetric unfrozen water content and peak devia-
toric stress with varying strainrates. . . . . . . .. ... ... ... ...
Peak deviatoric stress vs. strain rate in a log-log scale for triaxial tests on
frozen clay. Showing log-linear relationship. . . . . . . .. ... ... ..
Linear regression using three different equations. . . . . . ... ... ..

Location of site. Retrieved from Norgeskart (2020). . . . . .. . ... ..
Properties of the first four samples. Readings compared with Gundersen
etal. (2019). . . . . . .
Unit weigth and engineering properties of the first four samples. Readings
compared with Gundersen et al. (2019). . . . . ... ... ... .. ...

51

52

XV



Xvi



Abbreviations

5:(L
€y
€
o1
03
0
¢
A
A
Apiston
a
.
p/
Pw
Po
q
R2
Sn,
T

TC
Ty
TS’ C
AT

U
Vay
Vs
w
Wy,
W;

wy,
wp

axial strain

volumetric strain

strain rate

axial pressure

confining pressure
temperature in °C

friction angle

cross-section area

initial cross-section area at zero strain
cross-section area of piston
attraction

iceness ratio

effective mean stress

pore water pressure
preconsolidation pressure
deviatoric stress
coefficient of determination
salinity

temperature

temperature where all the unbound water is frozen
freezing temperature
supercooled temperature
temperature shift

pore pressure

volume of voids

volume of solids

water content

unfrozen water content

ice content

liquid limit

plasticity limit

Xvii



Xviii



Chapter

Introduction

1.1 Background

Frozen ground is soil or rock below 0 °C, and the definition is merely based on tempera-
ture. Natural frozen soil is usually found in colder climates, and most often as permafrost.
Permafrost is defined as an area where the ground temperature inferior 0 °C two years in
a row.

Frozen soil is a natural composite consisting of solid particles, ice, water and air. To-
gether, these components constitute a complex material, where the mechanical properties
are highly dependent on temperature and stress level. When the soil freezes, the ice binds
the soil particles together. The strength of the soil increases while permeability decreases.
These attributes allow, for instance, ground freezing to be used to overcome structural
problems such as excavations, structural underpinning and to control groundwater flow.

Over the last decades, global warming and increased human activity in cold regions have
led to thawing of permafrost and increased soil temperature. United Nations’ climate
report claims that high altitude permafrost areas are particularly vulnerable to climate
change, and are currently experiencing a temperature change twice the global average
(Hock and Rasul, 2019). Hanssen-Bauer et al. (2019) has calculated the air temperature
on Svalbard to rise 6.2 °C until the next decade, given that the current emission level
continues to grow until 2040. This may create geotechnical challenges, and the need for
knowledge of frozen ground technology is increasing.
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Construction work in cold regions has become more common in recent decades, and along
with the construction of more advanced structures, the interest relative to frozen ground
engineering has greatly increased (Jean-Sebastien L’'Heureux, 2020). This has led to sig-
nificant advances being made in frozen ground technology, and the application of ground
freezing in geotechnical projects continues to grow.

Several studies have been carried out to investigate which parameters influence the be-
haviour of frozen soil (Hivon and Sego, 1995; Li et al., 2004; Yamamoto and Springman,
2014). Several calculation models have been proposed, but there is currently no common
agreement on which of these models to be used (Tsegaye, 2014; Ghoreishian Amiri et al.,
2016). The phase relationship between ice and water makes frozen soil a complex mate-
rial, which has to add some extra parameters compared to unfrozen soil, regarding design.
Especially temperature and salinity are parameters that control the phase relation happen-
ing in the soil at subzero temperatures and need to be accounted for when working with
unfrozen soil.

The amount of unfrozen water in frozen soil has proven to be an important factor when
calculating soil response. Presence of solutes, such as different types of salts in the pore
water, alters the unfrozen water content and is thus of interest when investigating frozen
soil. The number of studies performed on saline frozen clay is limited, and it is therefore
considered necessary to further investigate which parameters alters the behaviour of this
material.

1.2 Objectives

The main objectives of this master thesis are:

1. To study pore water response in saline frozen clay and its correlation to different
parameters.

2. To investigate which parameters affect the mechanical behaviour of saline frozen
clay, and the effect of these parameters.

3. To present a regression analysis to summarize the parametric effects on saline frozen
clay.
1.3 Approach

To achieve the objectives of this thesis, a literature study describing factors affecting the
mechanical behaviour of frozen soil shall be performed. Furthermore, a series of undrained

2



1.4 Limitations

shear tests shall be carried out on artificially frozen Onsgy clay. The tests will be performed
on -3 °C, -5 °C and -10 °C with varying test parameters to ensure a broad set of data.
The tests will be carried out using a specialized triaxial cell with temperature control.
Lastly, the test results will be analysed and compared with relevant literature along with a
regression analysis. This will form the basis of understanding which parameters affect the
mechanical behaviour of saline frozen clay and the effect of each parameter.

1.4 Limitations

Due to limited time and equipment, this master thesis deals only with shear tests on saline
frozen clay at three different temperatures. Ideally, it would be useful to investigate several
soil types along with more varied temperatures to obtain a broader set of data.

1.5 Outline

The thesis is structured as follows:

Chapter 2 provides a brief introduction to the basic theory that deals with frozen ground
mechanics. The chapter starts by presenting the characterization of frozen soil, along with
a brief description of some calculation models used to predict the unfrozen water content
in the soil. Lastly, settlements due to thawing of frozen ground are presented.

Chapter 3 is a literature review that deals with the mechanical behaviour of frozen soil.
Relevant test data from parametric studies are presented, and observations regarding var-
ious parameter effects are discussed and analyzed. Lastly, the theory regarding area cor-
rection is presented to be used in the treatment of this thesis” test results.

Chapter 4 introduces the testing procedure. The test plan is presented and the triaxial
equipment is illustrated and described. Lastly, a standardized test procedure is presented
and possible errors are described.

Chapter 5 describes the Onsgy soil through index parameters and deposition history.

Chapter 6 presents results from the triaxial testing and discuss these in the aim of the
objectives.

Chapter 7 finishes the discussion and states the conclusions that are drawn. Lastly, recom-
mendations for future work on the subject is suggested.
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Chapter

Basic Theory

This chapter briefly introduces basic theory considering frozen soil mechanics and is based
on the book Frozen Ground Engineering by Andersland and Ladanyi (2004). The topics
reviewed are chosen to give an insight into frozen soil behaviour and which parameters
that affect the strength of the frozen soil.

2.1 Frozen Ground

Frozen ground is defined as soil or rock below 0 °C and is merely based on temperature.
It is well known that frozen soil is stronger than unfrozen soil due to ice cementing the
soil or rock particles together. Additionally, ice reduces permeability rendering the soil
impervious to water seepage. Frozen ground support systems are applied worldwide to
solve a variety of construction problems in a cheap and effective manner. Freezing of
soil may, for example, be used as temporary earth support or to control groundwater in
challenging areas.

Frozen soil is a system consisting of four components: soil particles, ice, water and gas, as
illustrated by Figure 2.1. Due to intermolecular forces between water and solids, unfrozen
water may exist in the soil for temperatures way below 0 °C. The amount of unfrozen water
depends on the capillary forces, absorption forces, temperature and presence of dissolved
solutes in the soil. The soil particles vary in size and shape and are surrounded by a thin
film of unfrozen water. The water film around the soil particles are considered as bound

5
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Brine pockets — @

Soil particle

Unfrozen water

Air

Air

Film of
unfrozen water

Soil particles

Ice with
unfrozen water

Figure 2.1: Components of unsaturated ice rich frozen soil. Modified after Ting et al. (1983).

water. The voids are filled with air, unfrozen water and ice. As the frozen soil experiences
thawing, ice will melt, making the soil a system of three components instead of four.

A typical freezing process of soil is shown in Figure 2.2. Ice formation in a soil involves
freezing of pore water starting at a supercooled temperature, 7. below 0 °C. At this
temperature, the water is in a metastable equilibrium until some of the water is transformed
into ice triggered by nucleation centres. The phase transition from water to ice releases
latent heat causing freezing of unbound water to stabilize at the freezing point Ts. The
freezing point is usually close to 0 °C, but can be as low as -5 °C for fine-grained soils
with large specific surface areas. The release of latent heat, as water freezes, continues
to slow the cooling process until temperature 7, is reached. At temperature 7, all of the
unbound water is frozen along with most of the bound water. This temperature is usually
as low as -70 °C, and the frozen soil can hold a significant amount of unfrozen water down
to this point.




2.2 Unfrozen Water Content

T
Unbound water Bound water freezes Most of bound water is
freezes frozen. Soil cools without

latent heat effect.

e 1 AT R

] | \/ I I "
e 1
\

Figure 2.2: Cooling curve for water in soil. Modified after Andersland and Ladanyi (2004).

2.2 Unfrozen Water Content

The water-ice relationship varies with mineral composition, specific surface area of the
particles, the presence of solutes and temperature. Fine-grained soils with large surface
areas have a greater quantity of unfrozen water than soil consisting of coarser grains. Water
present in the soil is divided into two categories: unfrozen water, w,,, and ice, w;, as shown
in Equation 2.1.

W = Wy, + w; 2.1

To calculate unfrozen water content Tice et al. (1976) produced the expression shown in
Equation 2.2, which is derived from a large amount of experimental data for several soil

types.

wy, = ab’® (2.2)

where « and /3 are characteristic soil parameters and 6 is temperature as positive numbers
in °C below the freezing point.




Chapter 2. Basic Theory

The amount of unfrozen water decreases rapidly at subzero temperatures close to 0 °C,
as the unbound water in the voids freezes. However, freezing of bound water requires
significantly lower temperatures, and may reach temperatures down to -70 °C before all
the bound water is frozen. Some typical phase composition curves are shown in Figure 2.3,
displaying the rapid decrease of unfrozen water just below the freezing point, followed by
a stabilization at colder temperatures.

") 1 ' T T T ' T

A Umig! Bentonite
B. Howoiian Clay -
C. Suffield Silty Cloy
. Dow Field Siity Clay
E. Basalt

0.90F

Unfrozen Water, g H0/9

o
w
(=]
=
Pd
]
{

i “w TN “M—_\______J

\ c
“‘s-._"n
GIO-\ N e
E\'k e TTTTTTTTT
i, T e, I
4] 2 -4 -8 :] -i0

Temperature,*C

Figure 2.3: Phase composition curves for five different soils. (Anderson and Morgenstern, 1973)

Numerous methods have been developed to estimate the unfrozen water content in frozen
soils. Nuclear magnetic resonance, time-domain reflectometry and dilatometry are exam-
ples of experimental tests to determine unfrozen water content (Patterson and Smith, 1985;
Flerchinger et al., 2006; Tang et al., 2018). The methods vary in complexity, accuracy and
rapidity, and they all use different boundary conditions and assumptions. In addition to
this, researchers have attempted to produce empirical expressions to predict the unfrozen
water content for different soils, given temperature and salinity. For example, Equation 2.2
uses the liquid limit to determine tabulated parameters, « and /3, which are used to calcu-
late the unfrozen water content, w,, (Andersland and Ladanyi, 2004). In the next section,
another example including salinity is introduced, see Equation 2.7.

For most engineering applications the liquid limit method is widely accepted, however
other procedures should be applied for saline soils.
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2.3 Salinity

Unfrozen water content varies with the presence of solutes. Dissolved salts within the soil
pores is an example of this phenomenon. The presence of dissolved salts in the soil de-
creases the freezing point of the pore water, resulting in greater amounts of unfrozen water
below freezing temperatures. The effect varies with the types of solutes. For instance, the
eutectic point for an H,O—NaCl system is -21.2 °C (=~ 23,3 % NaCl), while it is -51 °C
for an H,O—CaCl, system. Figure 2.4 shows the phase diagram for sodium chloride and
water. At temperatures colder than the eutectic point, the solution consists of merely ice
and hydro halite, which means that no liquid is present.
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Figure 2.4: Phase diagram for a HyO—NaCl solution. (Farnam et al., 2014)

Banin and Anderson (1974) researched how salinity in soil affects the freezing temperature
of the pore water. As pore water freezes, the salt solutes are forced into a smaller and
smaller volume since the soluble salts are excluded from the ice matrix. This leads to an
increasing salt concentration in the remaining pore water, resulting in a lowered freezing
point for the remaining solute. The freezing temperature, 7', accounting for salt content,
can be calculated using the following expression (Patterson and Smith, 1983).

_Sn_
A

w

Ty =T, + (2.3)

where 9, is the salinity in ppt NaCl, A is a constant equal to -17.04 g/L°C~!, Tj is the
temperature at which unfrozen water content in nonsaline soil equals w,, and w is the total
water content. This is a useful method if the relationship between w,, and temperature is
known for the given soil. However, if the relationship between w,, and temperature is un-
known, Velli and Grishin (1983) developed an empirical equation calculating temperature

9



Chapter 2. Basic Theory

shift, AT, due to salinity by applying Equation 2.4.

Sn

AT = T (—20
’“(1000+Sn

) (2.4)

where S, is salinity in ppt NaCl and T}, is a reference temperature dependant on the type
of salt, see Table 2.1.

Table 2.1: Reference temperature, Velli and Grishin (1983).

Salt type Ty

Seasalt 57.0°C
NaCl 62.0 °C
CaCl, 32.5°C

The ice fraction (or iceness ratio), i,., is defined as the ratio of ice to the total water in the
soil.

= — =1 — (2.5)

For saline soil, the ice fraction may be derived based on temperature and salinity as shown
in Equation 2.6 (Ono, 1975):

. S, 54.11
ir=1- g0 <1—T> 2.6)

Combining Equation 2.5 and 2.6 gives the expression of unfrozen water content ratio,
Wy, Jw:

Wy, Sh 54.11

w 1000 7 )

Q2.7)

Using Equation 2.7, the unfrozen water content may be estimated given temperature and
salinity. Furthermore, by constraining the water content ratio to equal 1, the initial freezing
point of the soil may be calculated.

10
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2.4 Thawing

Thawing of frozen ground is an important aspect when designing structures in cold re-
gions. When frozen ground thaws, the ice will melt and the soil skeleton must adapt to a
new void ratio equilibrium, resulting in settlements as illustrated by Figure 2.5.

Settlements in unfrozen ground are often results of weak bearing soils, changes in moisture
content, maturing of vegetation or dissipation of excess water (consolidation). A new
aspect is introduced in designing for settlements in frozen soil, specifically melting of ice.
The volume change due to thawing of soil depends on consolidation and structural changes
that occurred during the last freezing cycle.

A simple procedure to roughly measure the thaw settlement is to place a frozen soil sample
in a container and allow it to thaw in an uncontrolled manner. The excess water collected
corresponds to the thaw settlement. Another rough estimation of the thaw settlement may
be based on observation of the ice content in the soil, but this method may lead to consid-
erable errors. The most reliable method to calculate the thaw settlements is to conduct a

triaxial test, where field environment is matched and in-situ conditions are achieved.

/

Figure 2.5: Settlements due to thawing of ice-rich permafrost in Fairbanks. Photo by Romanovsky
(2018).
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A typical void ratio, V;,/V;, vs. pressure curve are shown in Figure 2.6. When the soil is
frozen, the void ratio will slowly decrease with increasing pressure (from a to b). As the
soil sample starts to thaw, around 0 °C at pressure oy, the void ratio will drop significantly
due to phase change, ice to water. Thus, drainage of excess unfrozen water (b to ¢) occurs.
The overburden pressure, o, is commonly based on the in-situ stresses in the test sample.
Stresses beyond the overburden pressure cause water to slowly dissipate (¢ to d). As
presented in Figure 2.6, a large amount of volume change occurs around 0 °C, making it
an important aspect to consider when designing for frozen soil.

+—|—»
T<0°C T=0°C
a

e b

Void ratio, e
£

Pressure, ¢ O+ Ao

Figure 2.6: Common void ratio vs. pressure curve for thawing frozen soil. Modified after Anders-
land and Ladanyi (2004)
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Chapter

Literature Review

The following chapter presents a literature review on parametric studies of frozen soil.
Results from laboratory work found in relevant literature are presented and discussed to
gain a broad knowledge about which parameters that affect pore water pressure and shear
strength in frozen soil. Lastly, literature upon area correction are presented.

3.1 Pore Water Pressure in Partially Frozen Soils

Pore water pressure measurements in partially frozen soil is required to apply reliable
effective stress based constitutive models or similar concepts for geotechnical analysis
and design. According to Kia (2012), previous analysis’ has mainly treated frozen soil as
a Tresca or frictional-cohesive material, both of which use total stress concepts. A total
stress approach does not represent the actual stresses when a water phase is present.

Unfrozen saturated soil is composed of soil grains and water. Without soil grains, water
will carry the entire load. Without water, the soil skeleton carries total load. Equations in-
cluding pore water pressure determine what part of the load is carried by water. Similarly,
a partially frozen soil is a multi-phase coupled system consisting of ice, water and soil
particles. Therefore, a more realistic rendition may be to conduct an effective stress analy-
sis using effective stress material properties. This requires measurements of pore-pressure
distribution in the soil.

13
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Furthermore, analysing creep in frozen soils should consider pore-water generation and
dissipation. Frozen soils with a continuous water phase has long term resistance and the
deformation is governed by effective stress material properties. Again, assessing pore
pressure distribution is needed.

3.1.1 Measuring Pore Water Pressure

When a saturated soil freezes, hydraulic and mechanical properties change as pore water
freezes to ice. The ice matrix increases cohesion and tensile strength, while hydraulic
conductivity and compressibility is reduced. This provides challenges in measuring pore
water pressure. A range of methods has been used to study pore water in partially frozen
soils.

Kia (2012) developed a Filter-less Rigid Piezometer (FRP) as a method to measure pore
water pressure. With FRP, the interface between the piezometer fluid and pore water is
within the soil, avoiding the use of a filter. The device is saturated with mineral oil. Fur-
thermore, the PhD thesis states that flexible piezometers modify measured pressure due
to softening of the pore fluid phase. FRP shall also be able to measure the pore pressure
when only a small volume of unfrozen pore water is present.

Arenson and Springman (2005) used pore pressure transducers at the top and bottom of the
triaxial test apparatus to test ice-rich permafrost. In these tests, about 20% showed a slight
difference in behaviour between the top and bottom, or sudden pore pressure changes.
Some of the test specimens had high air content, and air voids seemed to contribute to this
behaviour.

Wang and Nishimura (2017) conducted tests on high-plasticity Kasaoka clay. The study
assumed that the effective stress path for a frozen sample is the same as for an unfrozen
sample if consolidation and shear strain history is similar. By using this idea, it is pos-
sible to avoid the challenges of experimentally measurements of pore pressure in frozen
samples.

A miniature pore pressure transducer was used by Zhang et al. (2016). This small trans-
ducer has a porous tip filled with antifreeze-liquid and may be inserted into the sample.
Before employing this method, two other methods were attempted. (1) In the first attempt,
a pressure device was used to measure pore water pressure in the porous stone at the spec-
imen base. (2) The second method installed pressure transducers connected to a porous
tip along the height of the sample. The paper explained that attempt (1) and (2) failed due
to a freezing film forming and hindering pressure transmission. Meanwhile, the miniature
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3.1 Pore Water Pressure in Partially Frozen Soils

pore pressure transducer produced satisfactory results.

3.1.2 Variables Affecting Pore Water Pressure

At low temperatures, frozen soil can be characterized as a solid material, since most of the
water is frozen to ice. Because of this, most researchers have considered the deformation
of frozen soil under external load to be attributed to creep. However, even below the
freezing point a considerable amount of unfrozen water still exists. Investigating pore
water response is important as it is closely connected to soil deformation, especially during
the consolidation phase. Studies performed by Zhang et al. (2016) show that the pore water
behaviour of frozen soil at subzero temperatures close to 0 °C differs significantly from
unfrozen soil. Some test results from triaxial testing on silty clay are shown in Figure 3.1,
where pore pressure and strain are presented by pink and blue lines respectively. The tests
allowed drainage from the top during testing.
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Figure 3.1: Pore water pressure at subzero temperatures close to 0 °C. (Zhang et al., 2016)

The results from Zhang show that for unfrozen soil the pore pressure slowly decreases
over time. However, for tests performed at subzero temperatures, the pore pressure shows
a fluctuation phenomenon. Zhang believes this is connected to the combined influence
of solid matrix deformation and the migration of unfrozen water. Zhang also states that
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an exponential relationship between the soil temperature and pore water pressure exists,
where decreasing temperature lower the peak pore water pressure until it reaches a stable
value.

Hazirbaba et al. (2011) investigated pore water pressure response in silt subjected to strain-
controlled undrained cyclic triaxial testing. The study is of significance because it recorded
very little to negative pore pressure at -0.2 °C. The suction appears when a thermal gradient
is applied. Hazirbaba believes the interaction between frozen and unfrozen water near
freezing temperatures causes suction, as water migrates through soil pores to the growing
ice lens. Redistribution of unfrozen pore water may depend on shear strain level since
suction occurred for certain strain levels, as argued by Hazirbaba.

3.2 Parameters Affecting Undrained Shear Strength

This section gives a literary review of different effects which influences the strength of
frozen soil. The goal is to isolate each one to understand trends and its relations to different
parameters.

3.2.1 Confining Pressure and Mean Effective Stress

Chamberlain et al. (1972) performed triaxial tests on Ottawa sand at -12 °C with a strain
rate of 1.6 %/h. This study showed that confining pressure, o3, greatly influenced shear
strength. Furthermore, Wang and Nishimura (2017) carried out triaxial testing of frozen
and unfrozen silty clay and found a linear dependency between strength and confining
pressure. The clay samples were fully saturated and isotropic normally consolidated to
100, 200 or 400 kPa. Results from Wang are presented in Figure 3.2.

Additionally, it is of interest to review the behaviour of ice under confining pressure to
better understand the behaviour of frozen soil. Studies of confining pressure on poly-
crystalline ice by Sego and Morgenstern (1985) show that compressive strength does not
change with confinement stress for strain rates in the ductile range. However, in the brittle
range and under specific loading conditions, confinement stress may influence the com-
pressive strength (Smith and Schulson, 1993).
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Figure 3.2: Linear dependency between ¢ and p’. Tested with a strain rate of 0.6%/h. (Wang and
Nishimura, 2017)

3.2.2 Unfrozen Water Content and Salinity

Frozen soil contains a sizeable amount of liquid water in bound form. Yong (1965) related
unfrozen water content to initial water content through experimentation. Results show that
clay has more unfrozen water than silt at similar initial water content and temperature. It
is expected for sand to have even less than silt.

Salinity alters the mechanical properties of frozen soil. Studies on the effect of increased
salinity and temperature show that the soil experiences a significant loss of strength (Hivon
and Sego, 1995), which is related to the increasing unfrozen water content. Figure 3.3
shows the distribution of volumetric unfrozen water content for a frozen silty sand. Fur-
thermore, saline pore water has been identified to reduce the rate of frost heave in fine-
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Figure 3.3: Volumetric unfrozen water content vs. temperature for a fine silty sand. (Hivon and
Sego, 1995)

17



Chapter 3. Literature Review

grained soils (Chamberlain, 1983). Nixon (1988) did a literature review on Soviet labo-
ratory and field testing which indicates that soils with salinity exceeding 10-20 ppt. may
reduce the foundation bearing capacity by a factor of 2-3.

Figure 3.4 shows experimental data from Ogata et al. (1983), Hivon and Sego (1995) and
Pharr and Merwin (1985). The figure displays that the relationship between strength and
salinity strongly depends on the soil type. Fine-grained soils exhibit a linear reduction
in strength as salinity increases. Coarse-grained soils display a proportional reduction in
strength as salinity increases. Additionally, strength in coarse-grained soils appears to be
more sensitive to salinity than fine-grained soils.
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Figure 3.4: Strength compared to salinity. Strength is normalized by dividing recorded strength at
given salinity with strength at zero salinity, 0(S)/o(S = 0). Experimental data from Ogata et al.
(1983), Hivon and Sego (1995) and Pharr and Merwin (1985).

Konrad and McCammon (1990) studied the relationship between solute rejection and
freezing conditions. It was found that no solutes are rejected for a rate of cooling above
3°C/day in a clayey silt. However, for rates lower than 0.1°C/day, more than 90% of the
solutes are rejected. An experiment on the freezing process of saline coarse-grained sand
conducted by Arenson and Sego (2006), showed pockets of high salinity water trapped
in the pores. This indicates that coarse-grained frozen soil has a majority of its unfrozen
water in the middle of the pore space, while for fine-grained frozen soil a large amount of
the unfrozen water is bound to the soil particles. Hivon and Sego (1995) experienced more
ductile deformation in fine-grained frozen soil than for coarse-grained due to water being
present between the soil particles during deformation.
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3.2.3 Temperature

Temperature dependence is one of the main differences between frozen and unfrozen soil.
For instance, permafrost in the Swiss Alps shows rapidly increased deformation during
the melting season and a deceleration during the winter (Ikeda et al., 2008). Additionally,
from 2001 to 2014, 26% of slope failures happen during the thaw season in Hokkaido,
Japan (Ishikawa et al., 2015). This may prove a risk for populations in mountainous areas,
as the increased temperature may initiate landslides.

Equation 3.1 is an empirical equation created by Li et al. (2004), to estimate the compres-
sive strength of frozen clay. The equation takes into account temperature and strain rate,
both of which are widely known to influence strength.

= (3) (2) oy

where o, is the compressive strength, 0y =-1 °C is a dimensionless reference temperature,
€0 =1s7!is a dimensionless reference strain rate, o is the compressive strength at § = -1
°Cand ¢ =1 s~ ! in MPa, and ¢ and m are parameters.

Of these two parameters, temperature proved to be the one that influenced the most. The
study also discovered that the compressive strength increases linearly with decreasing tem-
perature, for a constant strain rate. Furthermore, climbing temperature close to the thawing
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Figure 3.5: Results from triaxial tests performed on ice-rich soil samples with axial strain rate of
0.018 %/h. (Yamamoto and Springman, 2014)
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point alters the mechanical behaviour of frozen soil, for instance by increasing the ductility
(Yamamoto and Springman, 2014; Rist and Murrell, 1994). Stress-strain curves from tests
performed by Yamamoto is shown in Figure 3.5.

Altered mechanical behaviour due to temperature increase is mainly a consequence of
phase change between ice and water. When ice melts, the amount of unfrozen water
raises, which permits significant plastic deformations (Nixon and Lem, 1984). This effect
is more prominent for saline soil than non-saline soil, given the same water content and
temperature.

Hivon and Sego (1995) tested uniaxial strength for silty sand with different salinity ranging
from O to 30 ppt. The results from this paper are shown in Figure 3.6, and exhibit a linear
dependency between temperature and peak strength. The same linear relationship is shown
in Figure 3.7, displaying results from triaxial testing of frozen clay performed by Wang
and Nishimura (2017).
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Figure 3.6: Results from uniaxial testing on Figure 3.7: Results from triaxial testing on
frozen silty sand showing compressive strength frozen clay preconsolidated to 400 kPa. Show-
vs. temperature at 10 % strain. (Hivon and Sego, ing undrained shear strenght vs. temperature.
1995) (Wang and Nishimura, 2017)

3.2.4 Strain Rate

Several studies show that increased strain rate, €, increases the compressive strength of
frozen soil (Chamberlain et al., 1972; Sayles and Haines, 1974; Parameswaran and Jones,
1981; Lietal., 2004). Bragg and Andersland (1981) uniaxially loaded frozen sand samples
at different strain rates and found that the applied strain rate controls the deformation mode
of the soil. Results from this study show a more brittle behaviour for higher strain rates,
which is characterized by the soil reaching peak strength at low strain values. This is also
referred to as strain softening. For lower strain rates, a more ductile behaviour is observed,
resulting in plastic strain hardening. See Figure 3.8.
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Figure 3.9 shows the relationship between strength and strain rate for four different tem-
peratures. Note that the test performed on unfrozen soil is not affected by a change in
strain rate. The main reason that the strain rate effect is present in frozen soil, and not
observable in unfrozen soil, is the presence of ice. A study performed by Mellor and Cole
(1982) shows that axial stress in ice is highly influenced by the strain rate.
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Figure 3.8: Stress-strain curves for sand with different Figure 3.9: Log-log relationship be-

applied strain rates at -10 °C. (Bragg and Andersland, tween shear stress and axial strain rate

1981) for varying temperatures. (Wang and
Nishimura, 2017)

Furthermore, the shear strength of frozen clay tends to increase log-linear to the axial
strain rate, which has been proven by several different studies, including Li et al. (2004)
and Wang and Nishimura (2017). The log-linear relation can potentially be described, by
rewriting equation 3.1, which was presented in a regression analysis performed by Li et al.
(2004):

In(om) =bo + biln <9> + boln (€> (3.2)

6o €o

where by = In(og), by =i and b, = m (Li et al., 2004).

The results from the regression analysis performed by Li showed that parameter b, de-
pends upon dry density which means that the strain effect may vary with respect to the soil
composition.

3.3 Area Correction

Calculations of deviatoric stress in triaxial testing normally require a set of corrections to
be correctly represented. Area correction is among one of these, especially if the test is
run for large deformations which highly influence the geometry of the test specimen. The
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deviatoric stress is defined as the piston load transferred to the specimen cross-section, o1,
minus the cell pressure, o3. While it is easy to measure the load applied by the piston, it
is more complicated to record the specimen cross-section as the specimen normally does
not deform isotropic.

Area correction is normally divided into two steps: the simple area correction (before
failure), and advanced area correction based on the rupture surface. The simple area cor-
rection depends on how the specimen deforms. Some common deformation modes are
shown in Figure 3.10.
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Figure 3.10: Typical deformation modes during triaxial testing. (Mulabdic’, 1993)

Baldi et al. (1988) proposed the following expressions to calculate the specimen area cor-
rection associated with the three deformation modes shown:

Cylindrical
1- v
A=Ayt (3.3)
1—¢,
Parabolic 5
1 /25— 20e, — 52
A=Ay | —- 4 4
0( Y > S
Bulging
1- v
A= Ag—v (3.5)
1—ae,

where compressive deformations are positive and

A = initial cross-section area at zero strain
a = experimental constant, normally between 1-2
€4 = vertical strain

€, = volumetric strain
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When investigating the behaviour of frozen soil, it is important to have equipment that
is compatible with the research objective. Measurement of pore pressure in frozen soil
has proven to be challenging, and the use of normal triaxial equipment is not sufficient.
The triaxial equipment used in this thesis, shown in Figure 4.1, is specially designed to test
frozen soil, and was purchased by NTNU from GDS Instruments in 2017. Artificial frozen
clay from Onsgy has been used in the testing. The clay is extracted by NGI, and bought by
NTNU for academical purposes. Index testing has been conducted on the unfrozen Onsgy
clay to classify material parameters, namely salinity and water content. This thesis also
presents a new set of procedures to standardize testing with the given equipment, and how
to present test data.

4.1 Index Testing

The following index tests have been carried out for each specimen of unfrozen Onsgy soil.

¢ Natural water content: Three measurements of in situ water content, w, after man-
ual by Norwegian Public Roads Administration (2014).

 Salinity: Two measurements of salt content.

23



Chapter 4. Experiment

4.2 Performed Triaxial Tests

Table 4.1: Test overview.

Testno Date Temp W Salinity € p
O (%  (ppYH) (%/h)  (kPa)

1 01/09 -5 68 35 1 100
2 01/14 -5 71 29 1/10 200

3% 01/17 -5 73 25 — —
4 01/20 -5 68 26 1 400
5 01/23 -3 47.5 18 1/0.2/5 100
6 01/27 -3 48 18 1/5 200
7 01/30 -3 52 20 1 400
8 02/03 -5 52 23 1 100
9 02/07 -5 42.5 19 1/0.2/5 200
10 02/10 -5 48.5 35 1 200
11 02/13 -5 40 28 1 400
12 02/17 -5 50 28 1 200

13 02/20  -10 465 28 0.33/1/3 200
14 03/05 -10 484 21 1/0.2/5 200
15 03/09 -10 379 21 1/0.2/5 400
17**  05/18 -3 55.9 26 1/0.2/5 20

* Membrane leak, removed from thesis.
** Late conducted test added in Appendix B, not discussed in results.

A thorough predetermined test-plan is necessary to collect enough and relevant data to
compare for results. The authors’ goal is to achieve enough data so that trends and param-
eter effects may be observed and investigated. Its importance also shows when selecting
test conditions, as choosing a similar framework as other researchers allow easier compar-
ison with experimental results found in the literary review. The test plan is presented in
Table 4.1.

Temperature is tested at -3, -5 and -10 °C. Literature presented that -5 and -10 °C are com-
mon test temperatures among other researchers. There may be several reasons for this.
The authors believe it is regarded as problematic to test frozen soil close to thawing tem-
perature as phase change may cause fluctuating results. Furthermore, small temperature
variations are negligible at colder temperatures as most of the free water is transformed to
ice. In order to investigate soil behaviour close to thawing, the authors decided to conduct
tests with -3 °C.

During testing, the strain rate is varied by firstly running 1 %/h, followed by a raised or
lowered rate. This technique is beneficial as the authors are limited by a small time frame,
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and enables the possibility to extract more data from each test.

Confining pressure is chosen in regards to soil response, equipment capability and real-
istic encounters. High pressure should be avoided as pressure melting and ice fracture is
unwanted. Furthermore, confinement stress in the range 300 to 600 kPa has been known
to occur in projects, i.e. tunnel excavations (Wang and Nishimura, 2017).

4.3 Equipment

The triaxial cell is placed in the cold laboratory in the basement of Lerkendalsbygget at
Glgshaugen Campus, Trondheim, Norway. Temperature is regulated by fans maintaining
a cold climate during testing. Meanwhile, temperature in the testing cell is controlled by a
circulation thermostat, circulating refrigerated oil around the specimen.

4.3.1 Cold Laboratory

The lab climate should be cold and dry so that the sample does not thaw during build in and
keeps cold during tests. Cooling is supplied by eight cooling fans, controlled by a panel
placed outside the lab. Maintenance and de-icing of the system is carried out if needed.

The laboratory is designed with a sluice room to avoid warm humid air entering. This is
both to keep a constant temperature and to avoid the formation of ice on the cooling fans,
which makes them less effective.

4.3.2 Cell

The triaxial cell is insulated by metal plates and polystyrene, and the cell temperature is
mainly controlled by a coil which is installed in the cell wall as shown in Figure 4.2. The
coil is filled with refrigerated oil, where the oil temperature is controlled by a circulation
thermostat. The cell is filled with oil during testing, which is pumped into the system by a
compressor. During testing, the cell oil temperature is measured by two thermistors placed
in the top and bottom of the cell.

4.3.3 Pore Pressure Measurements

Pore pressure is recorded by opening a valve connected to the bottom of the sample which
is wired to a pore pressure transducer. The transducer is placed outside the cold laboratory
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