FREEZING PROCESS IN DEVON SILT - USING TIME-LAPSE
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ABSTRACT

Laboratory freezing tests were carried out on a saturated frost-susceptible soil, Devon silt, at different pore-water
salinities, overburden pressures, and temperature gradients to study the effect of the different boundary conditions on the
freezing process. A fluorescent tracer was used to follow the unfrozen water and the ice lens growth during the freezing.
Time-lapse photography provided a digital photo record to visually observe and document this process. The experimental
data and pictures confirmed the migration of water into the frozen fringe, and that the thickness of the frozen fringe is
affected by the applied vertical pressure and pore water salinity in the one-dimensional step-freezing tests. The thickness
of the ice lenses, except the final one, and the distance between two lenses at similar height within a sample are related
to the vertical pressure, salinity of the pore water and temperature gradient.

RESUME

Des essais de laboratoire ont été effectués sur un sol saturé susceptible au gel, limon du Devon, a salinités différent de
'eau dans les pores, pressions de terrains de recouvrement, et gradients de la température d'étudier l'effet des
différentes conditions avec I'avancement du front de congélation. En utilisant de la fluorescéine il a été possible de suivre
I'eau non gelée ainsi que la croissance des cristaux de glace pendant la congélation. Des photos accélérées on été pris
pour observer et documenter ce processus. Les résultas et les images expérimentales ont confirmé la migration de I'eau
dans le sol gelée partiel, et que I'épaisseur de la frange gelée est affectée par la salinité, de pression verticale appliquée
et d'eau interstitielle dans les essais de gel unidimensionnels. L'épaisseur des lentilles de glace, sauf que la lentille de
glace finale, et la distance entre deux lentilles en hauteur semblable dans un échantillon soient liées a la pression
verticale, a la salinité de I'eau interstitielle et au gradient de la température.

1. INTRODUCTION also induces water migration (Oliphant et al. 1983). The
zone through which free water is drawn from the unfrozen
zone to the warmest ice lens is called frozen fringe (Miller

Freezing in most fine-grained soils, such as silt and clay 1972)

i.e. frost-susceptible soils, can induce moisture migration

and generate segregated ice lenses, which cause
engineering problems in all temperate zones due to frost
heave and subsequent thaw weakening. These problems
can also occur in some man-made facilities such as
chilled gas pipelines and refrigerated cold storage
facilities. Furthermore, the use of artificial freezing in civil,
mining, and environmental engineering for the
construction of frozen soil barriers, temporary support
structures, and undisturbed sampling of cohesionless soils
adds importance to understanding the details of freezing
of soils in geotechnical engineering practice.

Freezing of a frost susceptible soil is a complicated
process, which includes both heat and mass transfer.
Mass transfer via moisture migration, is an important
mechanism during the freezing process. When a fine-
grained soil freezes, not all the water within the soil pores
changes phase at its normal freezing point (Bouyoucos
1916; Lovell 1957), i.e. pure water’'s freezing point is 0°C
at atmosphere pressure. Soil water exists simultaneously
as free water in bulk, capillary water, film water, and
hygroscopic water and each may have different freezing
points (Jumikis 1966). The free water in bulk in the soil
voids is the first to freeze, then the capillary water and so
on due to different stresses and ionic constituents in the
different kinds of water. When the bulk free water is
frozen, moisture migration may still occur when the
sample is below 0°C through this unfrozen water. The
temperature gradient provokes a suction gradient which

The freezing and frost heave of a soil is influenced by
factors such as grain size distribution, mineralogy of fines,
availability and salinity of pore water, overburden stress,
and rate of heat extraction (Taber 1929; Beskow 1935;
Kaplar 1970; Anderson and Tice 1972; Penner 1972;
Konrad and Morgenstern 1982; Konrad 1987, 1990). This
paper presents a visible study of the influence of the
different temperature gradient, overburden pressure and
pore water salinity on the freezing process. A fluorescent
tracer was used to follow the unfrozen water and the ice
lens growth during freezing. Time-lapse photography
allowed for a digital photo record to visually document and
illustrate these processes.

2. LABORATORY TESTS

One-dimensional open system (access to water) step-
freezing laboratory tests were carried out on Devon silt
under different boundary conditions. The detail conditions
of each test are provided in Table 1.

2.1 Test materials and equipment

Devon silt, a frost susceptible soil with a liquid limit of
32%, plastic limit of 20%, and specific gravity of 2.65, was
chosen for the present investigations. Figure 1 shows the
grain size distribution of this soil.



Table 1. Tests overview.

Test Temperature Salinity Pressure
No. Top Bottom S Oc Of
°C °C g/L kPa kPa
1 -5 2 0 100 0
2 -2 2 0 100 0
3 -15 2 0 100 0
4 -5 2 0 100 100
5 -5 2 0 200 200
6 -5 2 0 400 400
7 -5 2 5 100 0
8 -5 2 10 100 0
9 -5 2 30 100 0
o.: Consolidation pressure;
oy axial stress during freezing.
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Figure 1. Grain size distribution of Devon Silt
(A and B represent two typical samples).

A fluorenscent tracer (C,oH1,05), which appears green in
unfrozen water but colourless in ice under ultra violet light
(Arenson and Sego 2005), was used to determine the
frozen and unfrozen zone of the sample during freezing.

A cylindrical freezing cell was used for the present
investigations. The perspex wall of the cell allowed using a
high-resolution digital camera with a macro lens to record
the frost penetration process and ice-lenses formation
(Arenson et al. 2005). Figure 2 is a schematic diagram of
the freezing system.

2.2 Sample preparation

The samples were prepared as a slurry at a gravimetric
moisture content of 50%~60%, about 1.5 times its liquid
limit by mixing the dry silt and distilled water with 5g/liter of
fluorescein (water with desired salinity was used for
certain tests). The slurry was prepared by mixing for
1 hour after the ingredients sat in a mixer bowl for about
12 hours. The slurry was then poured into the freezing cell
and deaerated using a shaking table and applying a
vacuum to the slurry in three 30 minutes stages.

Consolidation of the slurry was then performed in the cold
room under the same ambient temperature as used for
freezing. An independent consolidation test on the same
soil was carried out initially to determine C.=0.257 and the
time for primary consolidation for each overburden

pressure of 25, 50, 100, 200kPa. These results were used
to determine the time for primary consolidation of the
sample prior to each freezing test. The height of each
sample was approximately 12cm after consolidation.

2.3 Freezing

After consolidation, the air pressure applied for
consolidation was removed so that thermistors could be
installed in the freezing cell at different location along the
sample height (Figure 2). The pressure was then re-
applied for approximately 12 hours prior to the start of
sample freezing in tests #4, #5 and #6.

Glycol from two different constant temperature baths was
circulated through the top and bottom plates to induce a
one-dimensional gradient across the sample. A sub-zero
temperature was applied to the top plate and +2°C was
applied to the bottom plate, which caused the frost
penetration from the top down (Table 1). The temperature
gradient was varied by changing the temperature of the
top plate.

2.4 Data collection during and after freezing

During freezing, the volume of water drawn into or ejected
from the sample was recorded manually and the heave
was recorded automatically. High resolution digital images
were captured with the digital camera at regular time
intervals. These pictures were used to observe the frost
penetration, ice-lens formation and unfrozen water
migration as discussed later.

After each test, the frozen samples were segmented to
obtain the moisture content and salinity profiles. Oven-
dried soils from each segment, used for the moisture
content measurement, were subsequently soaked in
distilled water for approximately 24 hours and electrical
conductivity was measured, from which salinity could be
inferred from a calibration developed for the system.
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Figure 2. Freezing test apparatus schematic (after
Arenson et al. 2005).




3. TEST RESULTS

Typical results from the tests are described, and pictures
that have been digitally enhanced using false colouring
are shown for the ice lens growth, the frost front
penetration and the frozen fringe. In the photos, the darker
portions indicate the unfrozen zone of the sample while
the lighter parts show the frozen zone. The bright lines are
ice lenses.

3.1 Ice lens growth before thermal steady state
Figure 3 shows the typical ice lens growth before the final
ice lens formation under different applied temperature

gradients. It is very clear that the thickness of the ice
lenses increases with the decreasing temperature
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gradient. Figure 4 shows the ice lens growth under
different applied axial stresses o:; There was little
difference between test #1 and test #4, which had the
same pre-consolidation pressure o, but different o; during
freezing (Table 1). Finer and less frequent ice lenses were
observed in test #5 (0;=200kPa). In test #6 (o; =400kPa),
the ice lenses were hard to observe at the same elevation
as in test #1. The effect of pore water salinity on ice lense
growth before the final lense is shown in Figure 5. Little
difference is observed between test #1(no salinity) and
test #7 (S=5g/L). When salinity increased to 10g/L (Test
#8), the ice lenses formed a 3D structure, were less
continuous and less horizontal. When the salinity
increased to 30g/L, the observed ice lenses were very thin
and difficult to observe.
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Figure 3. Typical ice lens growth under different temperature gradient (scale in millimetre, temperature gradient (GradT)

in °C/cm).
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Figure 4. Typical ice lens growth under different axial stresses (scale in millimetre).
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Figure 5. Typical ice lens growth under different pore water salinities (scale in millimetre).




3.2 Frost penetration and frozen fringe

The penetration of frost front (pore freezing frozen front) in
different tests is shown in Figure 6. There is little
difference between tests #1, #4, #5 and #6, which have
the same temperature gradients and non-saline pore
water. Sample #2 had the smallest applied temperature
gradient while sample #3 had the largest for the non-
saline samples tested. The salinity increased from 5 to
30g/l in samples #7, #8 and #9. These samples can be
compared directly with sample #1, which was non-saline
as all other test conditions are the same. Figure 7 shows
the frozen fringe thickness of each sample for the different
test conditions.
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Figure 6. Frost front with time.

Figure 7a shows that test #2, with the lowest temperature
gradient, had the thickest frozen fringe of tests #1, #2 and
#3. The thickness of the frozen fringe throughout the test
varies inversely with the imposed temperature gradient.
Figure 7b shows that test #6, with the highest applied axial
stress, had the thickest frozen fringe. Increasing the
applied stress results in a thicker frozen fringe once the
applied stresses is greater than 200 kPa. In Figure 7c, the
frozen fringes of different tests do not change notably
even though the pore water salinity changed. The frost
front in test #9 is blurred and the ice lens above the final
one hardly formed due to the high salinity of 30g/L (Figure
5).

3.3 Final ice lens growth

Once steady state thermal conditions were reached, the
final ice lenses started to form and grew until the end of
the test. The rates of final ice lens growth under different
conditions are shown in Figure 8. The final ice lens grew
at a higher rate at the beginning in most tests except tests
#1 and #3. Figure 9 contains a series of pictures that
show the growing of the final ice lens. These pictures also
illustrate that even though the final ice lens had formed,
the ice lens located above the final ice lenses continued to
grow in thickness. This phenomenon has not been
previously reported to the authors’ understanding, and it
shows a redistribution of unfrozen water within the frozen
soil behind the last ice lens.

4. DISCUSSIONS AND CONCLUSIONS

In a freezing soil, ice lenses grow in the frozen zone at
temperature slightly below the freezing point of the pore
fluid, i.e. 0°C for pure water. The warmest ice lenses are
in a higher position than the pore freezing front (Figures 3
to 5). The changes of frozen fringe thickness (Figure 7)
confirm that the temperature of the ice lens formation is
not constant during transient freezing (Konrad 1994).
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Figure 7. Thickness of the frozen fringe at different
positions of the samples.
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Figure 8. Final ice lens growth.



Figure 9. Final ice lens growth under different temperature gradients, axial pressures and pore water salinities (scale in
millimetre).



The ice lens growth is affected by the temperature
gradient, applied pressure and pore water salinity. Test #3
with the higher temperature gradient, which induced rapid
frost penetration in the soil (Figure 6), generated fine ice
lenses except for the final ice lens when compared to test
#2 with the lowest temperature gradient, in which
continuous ice lenses were formed (Figure 3). As the
applied pressure increases the growing of the ice lens is
inhibited (Figure 4) since the suction at the warm side of
the ice lens decreases with increasing applied stress in
the soil (Konrad and Morgenstern 1982). Furthermore, the
increase of the frozen fringe thickness with the increasing
axial stress (Figure 7b) requires a longer flow path for the
water migrating from the unfrozen zone to the ice lens.
The hydraulic conductivity in the soil is also reduced with
increased state of consolidation of the sample. According
to Darcy’s law, the longer the drainage path and lower the
hydraulic conductivity the lower the rate of water
migration. This study (Figure 5) also confirmed that ice
lens formation and growth is influenced by pore water
salinity (Konrad 1990). Increasing the initial salinity of pore
water reduces the ice lens formation that is observed.

Although the frozen fringe thickness shown in Figure 7
varies with its location in all the tests, it still shows that the
frozen fringe thickness is strongly influenced by the
temperature gradient (Konrad 1994) and the applied axial
pressure. At higher stress with reduced void ratio, the ice
lens is forced to form at a lower temperature due to the
increase of suction on the capillary water. For the same
temperature gradient, the frozen fringe is therefore thicker.

The rate of final ice lens growth decreases with time
(Figure 8) in most tests. This phenomenon, to the authors’
understanding, is caused by the suction on the warm side
of the final ice lens, which consolidated the unfrozen part
of the soil, reducing its permeability. This is confirmed by
the lower moisture content in the unfrozen zone (Arenson
et al. 2005). With increasing axial pressure and salinity,
the ice lens growth rate decreases due to the decrease in
suction (Konrad and Morgenstern 1987; Konrad 1990).

It was further observed that after the final ice lens was
formed, the one immediately above it continues to grow
(Figure 9). This phenomenon implies that additional water
migration takes place even between ice lenses that have
no access to water in the unfrozen layer beneath the final
ice lens. Further tests need to be carried out to establish
the mechanism responsible for this phenomenon.
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