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Fig. 2. Grain size distribution of soil samples.
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Fig. 1. Triaxial testing apparatus for frozen soils: (1)rigid
chassis, (2)LVDT, (3)loadcell, (4)heat exchanger with
parallel connection, (5)coolant input, (6)confining pressure
valve, (7)coolant output, (8) deviatoric stress system,
(9)triaxial chamber.
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Table 1. Physical characteristics of soil specimens
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Fig. 3. Curing mold of frozen soil specimens.
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Fig. 6. Stress-strain behavior of frozen sand at different
temperatures at confining pressure of
100 KPa and strain rate of 1mm / min .
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o S.R.: S.R.: S.R.: . .
(°C) ) ) i S.R.: 1mm /min
0.2mm / min 0.5mm / min 0.5mm / min
-1 73093 78766 81695 103636
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-3 78106 97728 104299 110019
-4 - 103835 104913 112298
-5 84556 89119 103983 114291
-6 - 105047 106931 115854
-7 87881 - - 118239
-8 - - - 123104
-9 96801 - - 125852
-10 - - - 126640
-11 112224 - - 131354

Table 2. The effect of temperature on the Young modulus of frozen SP soils (KPa)
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200 94918 11933 115212 132270
300 - - - 137618
400 95202 113165 120454 149890
500 - - - 152736
800 - 119573 140190 168578

Table 3. The effect of confining pressure on the Young modulus of frozen SP soils (KPa)

)meuﬁ;—ﬂ)w)ﬂamzjwjuﬁju.qJS..:

Shear stress (KPa)

0.5mm / min J:_y}s CJ"} -3°C sbes

w0
o

g/em?)
3 8

Deviatoric stress (K

0 002 0.04 006 008 01

Axial strain
-+« = OKPa - = = 100KPa
..... 200KPa essssees 400KPa

—— 800KPa
Fig. 9. Effect of confining pressure on stress-strain

behavior of frozen sand at temperature — 3°C and strain
rate 0.5mm / min
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Fig. 10. Mohr-Coulomb failure envelope at strain rate
1mm / min and temperatures -3°C and -5°C .
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(mm/min)  Temp:-1°c Temp: _1'c Temp: _2-c Temp: _3°c
0.1 46770 49820 72122 74488
0.2 51201 61089 76292 78106
0.5 81695 84356 84885 97728

1 83290 91284 98538 100836

Table 4. Young modulus of frozen SP (KPa)
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Fig. 12. Effect of strain rate on stress-strain behavior of the
frozen SP at temperature — 1°c and confining pressure
200 KPa .

@l 3 alls s B8 - A5 L, JH S F 5 50 () s

200 KpPa A.L'_'\SQJJN )Li_é} -3¢

25

[
o

10

Deviatoric stress (Kg/cm?)

0
0 002 004 006

Axial strain

—t— lce-0.2mm/min

0.08 01

—&— lce-0.5mm/min

—e— lce-1mm/min
Fig. 13. Effect of strain rate on stress-strain behavior of pure
ice at temperature - 3°C and confining pressure 200 KPa .
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Abstract:
Temporary soil improvement techniques are considered among the most important geotechnical topics.
Acrtificial ground freezing is considered to be eco-friendly, economic, safe and applicable for all types of
homogeneous, loose and soft soils. By lowering the soil temperature below zero, the pore water of the soil
freezes which leads to improved mechanical properties of soil; it increases the shear and compressive
strength of soil, without releasing any chemicals into the soil environment. In practice, artificial ground
freezing consists of two parts: (i) formation of frozen body before construction or test (active step) and (ii)
maintenance of frozen body during the construction and test procedure (passive step). There are two methods
for using artificial ground freezing; (i) open method and (ii) closed method. In the open method, liquid
nitrogen is used for cooling. With the evaporation of the liquid nitrogen, the soil freezes and the nitrogen gas
is released to the atmosphere. In the closed method, a brine is used which is connected to a refrigeration
plant. The brine is circulated until the formation of frozen body. The used brine can be ethylene glycol or
calcium chloride. One of the difficulties of studying frozen soils is the absence of triaxial compression
apparatus for frozen soils in the national and international markets, because it is an unconventional test
apparatus. In this research, a triaxial compression apparatus was developed for testing of frozen soils in the
geotechnical laboratory of the University of Tabriz. This apparatus was placed in a cold and insulated room
with minimum heat transfer. The temperature of the room was monitored continuously. This triaxial
apparatus for frozen soils was developed using a closed system that is connected to a refrigeration plant.
In this study, void ratio, ice saturation and texture of soil were considered as constant parameters and
temperature, confining pressure and strain rate were considered as variable parameters. The soil samples
were remolded in the laboratory to represent the in situ soil in line 2, station H of Tabriz Subway. The in situ
soil was poorly graded sand and fully saturated. A special type of mold was designed for this research,
composed of aluminum material with high heat transfer ability. The mold was insulated from top and bottom
and it was rigid in radial direction. A series of unconsolidated undrained triaxial tests were conducted on
samples of the frozen soil using the developed triaxial compression apparatus. The results show that, at
constant confining pressure and strain rate, decreasing temperature leads to increase in the shear strength and
modulus of elasticity of the soil. Decreasing temperature also results in occurrence of the yield point of
frozen soil at higher strains. Also, at constant temperature and strain rate, increasing the confining pressure
increases the shear strength and modulus of elasticity of the soil. At constant temperature and confining
pressure, increasing the strain rate leads to a moderate increase in the modulus of elasticity and a significant
increase in shear strength of frozen sandy soil. Furthermore, the results show that the poorly graded frozen
sandy soil samples tested in this research program show softening behavior. All the stress-strain curves show
a peak and a residual state.

Keywords: frozen soil, Tabriz subway, mechanical properties, Geotechnical parameters, stress and strain.
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