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Frost action and the mechanical properties of an artificially frozen test plot 

L’action du gel et les propriétés mécaniques d’un plot d’essai congelé artificiellement

K.KUJALA, Academy of Finland, Oulu, Finland

SYNOPSIS: The effect of frost action and the mechanical properties of the soil are examined in an 
artificially frozen test plot located in Oulu, northern Finland. The plot is of area 6 m x 35 m and 
has a freezing depth of about 4.5 m. The soil is frozen by circulating glucol as a coolant in freez
ing pipes placed in sets of three horizontal trenches at four depths. The soils in the area are com
posed of clays and silts representing three evolutionary stages of the Baltic Sea.

Total heave in the test plot over a freezing period of almost two years has been about 600 mm,of 
which approx.half has occurred during the stationary freezing phase. The mean rate of frost heave 
is about 1.25 mm/d in the non-stationary phase and 0.7 mm/d in the stationary phase.

The mechanical properties of the frozen soil were examined by means pressuremeter tests in situ 
and triaxial tests in the laboratory. The limit pressure in the in situ pressuremeter tests at 
temperature -4'C was more than 100 times higher than in the unfrozen state. The shear strength of 
the clayey silt was determined at various temperatures and found to double when the temperature was 
lowered from -3°C to -10°C, the modulus of elasticity increasing four-fold. The shear strength was 
about 30 times higher at -3°C than the undrained shear strength in the unfrozen state.

1 INTRODUCTION

Economy and safety in construction work carried 
out in cold climates and areas of permafrost 
calls for a good knowledge of the properties 
and behavior of freezing and frozen soil, 
knowledge which can be gained to some extent 
through temporary soil improvement by 
artificial freezing techniques. In order to 
provide for research into pile foundation 
problems in permafrost areas, the Building 
Laboratory of the Technical Research Centre of 
Finland has set up a frozen test plot for the 
execution of full-scale pile tests in frozen 
soil. Freezing of the plot commenced in autumn 
1986 and it will remain in a frozen state for 
several years. This test facility has also been 
available to the University of Oulu for its 
arctic geotechnology project and has been 
studied as a model for both permafrost and soil 
improvement by freezing. One purpose of the 
work has also been to develop research and 
measurement equipment for use in arctic 
geotechnology.
The programme of research to be carried out 

at the test plot is divided into four stages 
to correspond with those of the freezing 
process itself, the properties of the plot 
having been studied so far in an unfrozen 
state, i.e. prior to freezing, at the freezing 
stage and when frozen. An extensive battery of 
tests is being carried out at each stage, 
including sampling, soundings, pressuremeter 
tests and measurements of temperature, pore 
pressure, groundwater table, groundwater 
velocity and frost heave. This paper presents 
results regarding frost heave in the plot as 
a whole and its various soil layers over a 
freezing period of almost two years. The 
mechanical properties of the frozen soils are 
reported as determined both in situ and in the 
laboratory.

Results of the laboratory frost heave tests 
and the resulting analyses of the test plot 
will be presented elsewhere.

Thermal calculations during the freezing and 
thawing phases are nfede by the finite element 
method. This ADINAT programme enables linear 
or non-linear steady-state or transient finite 
element analyses of heat transfer to be made. 
The thaw settlement and consolidation 
properties of the soils are examined in 
laboratory tests. Results of these thermal 
calculations and thawing tests will be 
presented elsewhere.

1. SITE CONDITIONS

The sub-surface conditions are depicted in Fig.
1. Three cohesive soil layers can be 
distinguished in terms of geological origin, 
representing the evolutionary stages of the 
Baltic Sea. The surface layer comprises 0.9 m 
of thick, silty sand and sandy silt, beneath 
which, at the level of +4.7...+5.6, there is 
a black sulphide soil layer dating from the 
Littorina Sea and composed of sandy silt and 
poor clay (Fig. 2) .

At the level +3.8...+4.7 one finds a fat clay 
layer from the Ancylus Lake phase, and beneath 
this a homogeneous clayey silt from the Yoldia 
Sea phase. These layers are analysed in terms 
of unit weight, water content, organic content, 
electrical conductivity and shear strength 
(Fig. 1). In this respect the Littorina layer 
stands out most markedly from the rest, having 
the highest water content, humus content and 
electrical conductivity and the lowest unit 
weight. Shear strength determined by vane test 
is lowest, about 7 kPa, in the Ancylus layer 
and greatest, about 24 kPa, in the Yoldia 
layer. Oedometer tests show all the soil layers 
to be normally consolidated.
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Figure 1. Soil properties of the test plot.

Figure 2. Grain size distribution curves.

The groundwater table in the plot varies from 
one season to another, being at minimum depth 
only 0.4-0.5 m below the surface and reaching 
its maximum depth of about 2.5 m in winter.

All the cohesive soil layers are similar in 
mineralogical composition, the principal 
minerals being illite, chlorite and some 
vermiculite in the clay material and quartz, 
feldspar and amphibole in the rock material.

2. FREEZING AND INSTRUMENTATION OF THE TEST 
PLOT

2.1 Freezing

The test plot was frozen by means of a grid of 
horizontal pipes installed in three trenches 
at four levels in the soil, +2.9, +3.8, +4.7 
and +5.6. (Fig. 3). The two outermost pipes,
I and III, were installed first and used to 
freeze the ground sufficiently to enable the 
central trench to be dug and pipe II to be 
installed. Freezing with pipes I and III was 
commenced in September 1986 and pipe II 
installed in January 1987, by which time the 
ground had attained sufficient stability. The 
plot was kept free of snow in the winter of 
1985i986 in order to speed up the freezing 
process and insulated in summer 1986 to prevent 
thawing. The coolant used in the freezing 
pipes, of external diameter 32 mm, was glycol, 
40 % by weight, at an initial temperature of 
-11°C. Temperatures of the incoming and 
outgoing liquid, together with the electricity 
consumption of the compressor, were monitored 
throughout the freezing period in order to 
calculate the energy required for freezing.

PI PE TRENCH

I " * '

■b j

;
35 m

FREEZI NG AREA

A -A

PI PE TRENCH

FREEZI NG PI PE

FREEZI NG AREA-

i

a j s r i i -  ■ ~ r  

llzjl ■

Figure 3. Arrangement of the freezing pipes.

2.2 Instrumentation

The total heave of the soil surface was 
determined by precise levelling of three plates 
fixed to the surface, while the heave in the 
various soil layers was measured by means of 
two settlement tubes, each equipped with a 
magnetic sensor (Fig. 4). These tubes were free 
to move with the surrounding soil, while the 
magnetic sensors were anchored to different 
levels, with that located below the 0°C 
isotherm remaining in a fixed position. The 
tubes then moved with the soil during freezing, 
enabling the differential heave for each layer 
to be calculated by measuring the distances 
between the top of the tube and the magnetic 
sensor in each case.

Temperatures in the test plot were monitored 
by means of copper-constantan thermocouples 
placed in seven vertical plastic rods so as to 
provide a network of 105 temperature 
measurement points capable of detailed 
recording of the temperature distribution 
during the freezing, frozen and thawing stages.
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Figure 4. Instrumentation of the test plot.
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3. UNFROZEN WATER CONTENT OF THE FROZEN SOIL

When a soil and water mixture is cooled below 
0°C, not all the pore water freezes. It is 
generally accepted that a continuous film of 
unfrozen water exists in finegrained frozen 
soil at temperatures below 0°C and that this 
film separates the particles one from another. 
The amount of unfrozen water present in frozen 
soil is dependent on the temperature and 
physico-chemical properties of the soil. The 
unfrozen water film plays an important role in 
frost heave (Horiguchi 1979) and also in 
determining the mechanical properties of the 
frozen soil (Ogata 1982). This parameter was 
determined here by the nuclear magnetic 
resonance (NMR) method, employing a JEOL FX-100 
operated in the CPMG mode at a frequency of 
99.6 MHz. The sample probe contained a 2.35 T 
permanent magnet. The sample, at its natural 
water content, was compacted into glass tubes 
of external diameter 8 mm to a height of 50 mm. 
A hole for a copper-constantan thermocouple was 
drilled into the centre of each sample by hand 
and the tubes sealed with stoppers and paraffin 
film to prevent moisture changes. The sample 
was allowed to cool for about half an hour to 
approx. -20°C in an ethylene glycol solution. 
Cooling of the sampling unit was achieved by 
passing gaseous nitrogen into liquid nitrogen 
and conducting the resulting cold nitrogen 
vapour into the sampling unit. Once this had 
been done the temperature was slowly raised and 
spectra measured continuously. The mean rate 
of temperature change was 0.2°C/min, although 
in areas where the change of state of the 
sample was most pronounced it was only 0.033...
0.05°C/min, enabling spectra to be recorded at
0.05°C intervals.

Raw NMR data from a warming run of a sample 
from the +5.2 layer are shown in Fig. 5.

Figure 5. Raw NMR data vs temperature (warming 
run) .

The NMR signal intensities increased with 
temperature at the frozen stage, but were 
markedly reduced in the temperature area in 
which soil water begins to freeze. Unfrozen 
water content was calculated by extending the 
line drawn through the data points obtained 
with no ice present down to lower temperatures

by linear regression (solid line) and taking 
as the unfrozen water content figure the total 
water content multiplied by the distance from 
the experimental measurement to the background 
amplitude (A in the figure) and divided by the 
distance from the regression line to the 
background amplitude reading (B in the figure) 
(Tice 1982). Figure 6 presents unfrozen water 
content in the frozen soil as a function of 
temperature in different soil layers. The 
proportion of unfrozen water in all the samples 
is high at -1°C, the highest absolute amounts 
being present in the +4.2 and +5.2 layers. The 
largest amounts of unfrozen water at -3°C were 
found in the +2.6 and +4.2 layers.
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Figure 6. Unfrozen wafer content vs temperature 
for different soil layers.

4. MICROSTRUCTURE AND SPESIFIC SURFACE AREA

Spesific surface areas for the soil types were 
determined by the nitrogen adsorption method, 
which measures external and internal surface 
area. The use of nitrogen adsorption is based 
on the BET equation (Brunauer, Emmett, Teller 
1938), which enables the monomolecular layer 
forming on the surfaces of particles to be 
defined for gases which tend to be adsorbed in 
a number of layers. The equipment used was a 
Micrometrics AccuSorb device. The
microstructure of the soil layers was studied 
using a scanning electron microscope. In 
electron microscopy the light beam is replaced 
by an electron beam which is accelerated across 
a voltage of several kV. The electron beam 
scans the sample, causing secondary electrons 
to be released from it, and it is these than 
contribute to the picture obtained. The 
instrument employed here was a JEOL-JSM-35 
scanning electron microscope. The samples were 
prepared by spreading a thin layer of sample 
on the sample holder and sputtering it with a 
300 A layer of gold to ensure electrical 
conductivity. The acceleration voltage used in 
the electron beam was 20 kV.

Microstructures and specific surface areas 
for samples from the various soil layers are 
shown in Figure 7. The surface layer is coarse
grained, with its largest grains beloning to 
the sand fractions. The specific surface area 
here is 0.8 m2/g. The +5.4 and +4.6 layers are
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similar one to the other in microstructure, 
with no marked discrepancies in grain size, and 
also have somewhat similar specific surface 
areas, 16.5 m2/g and 15.7 m^/g. The +2.2 layer, 
on the other hand, is coarser, with a specific 
surface area of 7.6 m 2/g.

level *6.2 ANj =0 8 m 2/g level »5 4 =16 5mz/g

l e v e l  *4. 6 A, ^ * 15. 7n?/ g l e v e l  *2. 2 AN̂ = 7 6 mJ/g

Figure 7. Specific surface and microstructure 
of soils.

4 . MEASURED FROST HEAVE AND DEPTH

The total extent of frost heave as a function 
of time is depicted in Fig. 8. Freezing of the 
test plot was commenced in September 1986, at 
which point the soil around the cooling pipes 
began to freeze. The area between pipes I and
III began to freeze early in December, by which 
stage the effects of natural ground frost were 
also observable. The progression of the 0°C 
isotherm is also indicated in Fig. 8.

At first this isotherm advanced relatively 
rapidly to a depth of 1.5 m under the influence 
of the natural seasonal frost, after which its 
progress slowed down until it became 
established at a constant level of +2.8 by July 
1987. Total frost heave during this advancing, 
or non-stationary phase was approx. 300 mm, 
with a mean rate of 1.25 mm/d. The differential 
heave with depth is shown in Fig. 9.
Heave at level +5.7 is approx. 390 mm. Heave 
difference between ground surface and the level 
+5.7 is due to thawing of the surface layer.
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Figure 8. Heave and frost penetration.

Figure 9. Differential heave with depth.

The majority of the frost heave during non- 
stationary phase took place between the +2.8 
and +4.5 levels, amounting to a total of 
approx. 350 mm.

It is interesting to note that a compression 
of approx. 40 mm took place in the layer below 
+3.3 m as a consequence of the freezing of the 
layers above, being caused by suction brought 
about by the temperature gradient in the area 
below the frost boundary, as a result of which 
water was induced to flow towards this 
boundary. In order for the surface of the plot 
to rise as a consequence of freezing, the frost 
heave forces have to overcome the shearing 
force at the boundary between the frozen and 
unfrozen layers in the ground.
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During the stationary phase the 0°C isotherm 
is observed to be practically constant at a 
level of +2.6, advancing only about 20 cm over 
the period July 1987...July 1988. Frost heave 
is thus concentrated in the layer +2.6...+3.3 

and proceeds at an almost constant rate of 
approx. 0.7 mm/d. Total frost heave measured 
over the freezing period of 600 days is 580 mm 
although the figure is slightly lower at the 
ground surface due to minor thawing of the 
surface layer.

5. MECHANICAL PROPERTIES OF THE FROZEN SOIL

Table 1. Pressuremeter tests results of 
unfrozen and frozen soils.

Depth

m

Level Stage Pressuremeter
modulus

kPa

Limit
pressure

kPa

1.5 + 5. 0 unfrozen 720 92
1.5 + 5. 0 frozen 305500 >12000

2.5 + 4 0 unfrozen 453 52
2.5 + 4 5 frozen 744000 -

3.5 + 3 0 unfrozen 633 70
3.7 + 3. 3 frozen 224000 8100

5.1 Pressuremeter test

The mechanical properties of the frozen soil 
was tested in situ using a pressuremeter, the 
modulus of which describes the deformation 
properties of the soil and the loading around 
the sample at the limit pressure of shearing. 
The tests were performed both at the customary 
speed, allowing each pressure step to take 
effect for 60 sec, and in decelerated form, in 
which each step lasted for 15 min. 
Corresponding pressometer tests were also 
carried out before freezing of the plot to 
enable comparisons to be made between the 
properties of the frozen and unfrozen ground. 
The borehole for the unfrozen ground test was 
made with a 60 mm diameter hand-operated borer 
with spade-shaped tip and kept open by pumping 
bentonite mud through the borer. The borehole 
for the frozen ground experiments, of diameter 
64 mm, was made with a multi-purpose drill. A 
summary of the frozen soil pressuremeter test 
results compared with those obtained at 
corresponding depths in unfrozen soil is 
presented in Table 1. The test levels in the 
frozen soil correspond to those in the unfrozen 
soil after the effects of frost heave. The 
unfrozen soil results are means from three 
parallel tests and the frozen soil results 
means from two parallel tests. Temperatures at 
the testing levels varied in the range 
-4...5 °C.

The highest pressuremeter modulus was 
obtained in the +4.5 level, the mean for which, 
744 MPa, was more than twice that for the +5.0 
level above it, and more than three times that 
for the level below. Limit pressures could not 
be defined for the uppermost and middle levels 
on account of the capacity of the 
pressuremeter. A value of 8.1 MPa was obtained 
for the lowermost, and weakest, level +3.3. The 
limit pressure in this layer is more than 100 
times higher than in the unfrozen state. The 
pressuremeter modulus was for uppermost and 
lowermost layers more than 300 times higher 
compared to unfrozen state. Fig. 10 gives an 
example of a typical pressometer test, and Fig.
11 an example of a test in which each pressure 
step was maintained for 15 min. No significant 
volume increase as a function of time occurred 
at a stress level of 1900 kPa, but the change 
did become significant at 3900 kPa and 
considerable secondary phase creep occurred. 
Pronounced volume changes with time were 
observed at a pressure of 5800 kPa.

5.2 Shear strength

Shear strength was determined in laboratory 
tests. Strength tests on frozen soil samples

PRESSURE p t kPa]

PRESSURE p CkPa]

Figure 10. Pressuremeter test curves.

TIME (min)

Figure 11. Volume change vs time for long-term 
pressuremeter tests.

were carried out using an automated triaxial 
apparatus, a cell equipped with cooling pipes 
in which the circulation of the coolant served 
to maintain the desired computer-controlled 
cell liquid temperature, as described 
previously (Ravaska, Kujala, Kallio 1989).
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Mechanical properties were determined for soil 
samples obtained with a piston corer and frozen 
isotropically in a cold room at their natural 
water content to a temperature 3°C below the 

test temperature. The samples were kept at the 
test temperature in the triaxial cell for 24 
hours prior to testing to ensure an even 
temperature throughout.

The aim of the shear strength tests carried 
out on the frozen soil samples was to determine 
the effect of temperature on short-term 
strength.

The effects of temperature on the short-term 
shear strength of the clayey silt are depicted 
in Fig. 12, where the rate of strain was 
1%/min. The results show a doupling in shear 
strength and a four-fold increase in the 
modulus of elasticity with a decline in 
temperature from -3°C to -10°C. The shear 
strength at -3°C is about 30 times greater than 
the unfrozen shear strength.

TEMPERATURE T (*C)

Figure 12. Effects of temperature on the 
shorttime shear strength and modulus 
of elasticity of frozen clayey silt.

CONCLUSION

From this investigation the following 
conclusions can be made:

1. The soils contain more than half of water 
in unfrozen state at temperature -1°C. Unfrozen 
water content seems not to be clearly dependent 
on specific surface of investigated soils.

2. In artificially frozen soil the heave during 
stationary phase can be more than half of total 
frost heave.

3. The duration of heaving phase can be several 
years in artifially soil freezing.

4. The soil layer can consolidate remarkably 
below the frost front.

5. The pressuremeter test is applicable in situ 
testing method for frozen soils.

6. According the pressuremeter tests the 
strength properies of artificially frozen 
ground can vary remarkably with depth. In 
consequence of position of freezing pipes the 
structure and direction of segregated ice 
lenses can vary.

7. The short-time shear strength of frozen 
clayey silt at -3°C can be more than 30 times 
higher than the undrained shear strength in the 
unfrozen state.

8. The shear strength of frozen clayey silt 
doubled and the modulus of elasticity increased 
fourfold with a decline in temperature from 3°C 
to -10°C.

ACKNOWLEDGEMENTS

The author wishes to thank the Building 
Laboratory of the Technical Research Centre of 
Finland and the Soil Mechanics and Foundation 
Engineering Laboratory at the University of 
Oulu for their cooperation in the execution of 
this work. He is also grateful to Geobotnia 
Ltd. for performing the pressuremeter tests.

REFERENCES

Brunauer, S., Emmett, P.H. & Teller, E.,(1938). 
Adsorption of gases in multimolecular layers. 
Jour.Am.Chem.Soc.60. 309-310.

Horiguchi, K., (1979). Studies in the behaviour 
of unfrozen interlamellar water in frozen 
soil. Sapporo. Contributions from the 
Institute of Low Temperature Science, Series 
A, No 28, 5578.

Ogata, N., Yasuda, M. & Kataoka, T., (1982). 
Salt concentration effects on strength of 
frozen soils. Proceeding of the Third 
International Symposium on Ground Freezing, 
Hanover, N.H. 3-10.

Ravaska, 0., Kujala, K. & Kallio, V. (1989). 
Versatile triaxial equipment in the 
University of Oulu. XII ICSMFE, Rio de 
Janeiro, 4 pp.

Tice, A.R., Burrows, C.M. & Anderson, D.M.,
(1978). Determination of unfrozen water in 
frozen soils by pulsed nuclear magnetic 
resonance. Ottawa. Proceedings, third 
international conference on permafrost. 
National Rasearch Council of Canada. 149-155.

1454


