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Abstract

To observe the formation of ice lenses, unidirectional freezing experiments were carried out using a water-saturated
porous medium made from micro glass particles. Knowledge of the ice con"guration in the vicinity of a growing ice lens is
important for clarifying the mechanism of the formation of ice lenses. The ice con"guration in the vicinity of the warmest
ice lens in the freezing porous medium was investigated by combining Raman spectroscopy with the unidirectional
freezing experiments. No ice was found in any pore, warmer than the ice lens and the ice lens grows without penetrating
the warmer pores. ( 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

When porous media consisting of water and "ne
particles, such as soil, are frozen unidirectionally,
the water sometimes forms regions of ice that are
almost devoid of particles [1,2]. These regions are
called ice lenses, and repetition of the process re-
sults in the formation of intermittent layers of ice
lenses. The formation of ice lenses is recognized as
a necessary condition for frost heave.

To clarify the mechanism of the formation of ice
lenses, it is important to observe the con"guration
of ice in freezing porous media. Kumai [3]
observed the ice con"guration in frozen clay by
scanning electron microscopy. Colbeck [4] directly
observed the freezing front in a water saturated,
unconsolidated medium consisting of glass beads
a few millimeters in diameter. These observations,
however, dealt only with freezing porous media in
which ice lenses did not form. Some models of the
formation of ice lenses in freezing soil emphasize
the importance of ice growing in the frozen fringe,
which was assumed to consist of a network of pore
ice extending from the base of the warmest ice lens
to a position at or near the 03C isotherm [5}7].
Direct observation of the ice con"guration in the
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Fig. 1. Electron micrographs of glass particles. The micrograph (a) is 10 times the magni"cation of (b).

Table 1
Characteristics of the glass particles prepared

Mean diameter of particle (lm) 9.7
Mean diameter of nanopore (nm) 3.3
Speci"c nanopore volume (cm3/g) 0.30
Speci"c surface area (m2/g) 150.5
Speci"c gravity of particle (g/cm3) 2.12
Dry powder density (g/cm3) 0.791
Water content (g H

2
O/g SiO

2
) 0.790

Fig. 2. Liquid-water fraction in the frozen porous medium mea-
sured by NMR technique.

vicinity of a growing ice lens, however, has not yet
been carried out.

In this study, we present the results of in situ
observations of ice lenses in a unidirectionally
freezing porous medium consisting of water and
micro glass particles. The ice con"guration in the
vicinity of a growing ice lens is revealed from the
Raman spectra of the water-saturated pores formed
by glass particles near the ice lens.

2. Experimental procedures

2.1. Sample

The porous medium that we used consisted of
Vycor glass particles, which formed a "ne powder.
Fig. 1 shows electron micrographs of a sample. The
particles were spherical with roughly the same dia-
meters and their surface had nano-pores with a uni-
form diameter. Table 1 shows some characteristics
of the sample. The mean diameter of the particles
was estimated from the electron micrographs. The
mean diameter of the nano-pores and the speci"c
surface area were determined by nitrogen adsorp-
tion. Fig. 2 shows the liquid water fraction in the
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Fig. 3. Schematic illustration of the unidirectional freezing ap-
paratus. A temperature gradient is established along the Z-axis.

frozen sample measured using an NMR technique,
which accurately measures the liquid water fraction
in porous media [8]. Since all the water melt, the
liquid water fraction of unfrozen sample remains
a constant value. More than 0.4 g/g of the water did
not freeze at !13C. This large amount of unfrozen
water will come from its high speci"c surface area
and presence of nanopores.

The water used was distilled, deionized and de-
gassed. Water-saturated porous medium was pre-
pared by placing the glass particles in a desiccator
with water, evacuating the desiccator, allowing
a few days for the solid}vapor equilibrium to be
established, adding liquid water, and allowing the
system to equilibrate for a day. The prepared
sample was placed into a sample cell, which consis-
ted of two 26]76]1mm3 glass slides and acrylic
spacers, and sealed with silicone, except for a small
hole on one side to relieve pressure. The inside
volume of the sample cell was 20]70]3mm3.
Two copper-constantan thermocouples with a
diameter of 0.3mm, calibrated with an accuracy of
0.033C, were inserted into the sample cell to
measure the temperature. Before the unidirectional
freezing experiment, the cell was initially cooled to
23C.

2.2. Unidirectional freezing

The sample was frozen using the unidirectional
freezing apparatus shown in Fig. 3, which is basi-

cally the same as that designed by Nagashima and
Furukawa [9]. The sample cell was placed in a Tef-
lon cell holder. The opposite ends of the cell were
held at di!erent temperatures, ¹

H
and ¹

L
, by using

two copper blocks kept at constant temperatures
by Peltier thermoelements. This established a tem-
perature gradient in the sample cell. A microscope
equipped with a charge-coupled device camera and
video tape recorder system was placed above the
cell and used to observe a growing ice lens. Images
of a growing ice lens were captured at 1min inter-
vals. A computer divided the images into a 20-lm
grid and the growth rate of the ice lens was deter-
mined from the relative coordinates of the growth
surface. The temperature pro"le was traced on the
image using the locations and temperatures of the
thermocouples, which were a few millimeters apart
and sandwiched the growth surface. The temper-
ature at the growth surface was estimated from the
temperature pro"le.

2.3. Raman spectroscopy

The Raman spectrum arising from translational
lattice vibrations in ice Ih shows a molecular-optic
band peak at 225 cm~1 [10,11]. If ice exists, this
peak should be observed. While the warmest ice
lens was growing, water in the vicinity of the gro-
wth surface was investigated using a Raman spec-
troscope (JOBIN YVON RAMANOR T64000),
which was placed above the sample cell. The
Raman spectroscope was calibrated to 0.1 cm~1 by
recording the standard emission lines of neon. This
instrument was equipped with a charge coupled
device detector that allows simultaneous recording
of the frequency range between 50 and 400 cm~1.
The excitation energy for Raman emission was
produced by an Argon ion laser using monochro-
matic radiation of 514.5 nm with an output of
150mW. The spectral resolution was 0.45 cm~1 for
all spectra. The incident laser beam was focused on
a spot of the freezing sample 1lm in diameter,
under a microscope. The time elapsed during each
measurement was 30 s. Since the ice lenses we ob-
served grew less than 0.5lm during each measure-
ment, we neglected the growth of the ice lens during
the measurement period.
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Fig. 4. Ice lenses in the porous medium consisting of glass
particles. Right-hand side is colder and left-hand side is warmer.
The ice lenses appears black since background can be seen
through the ice lenses, and the porous medium appear white.
The ice lenses grew from cold side and formed intermittent
layers in the direction perpendicular to heat #ow.

Fig. 5. Thickness of the warmest ice lens with time.

3. Results and discussion

3.1. Ice lenses in a porous medium consisting of glass
particles

When di!erent temperatures were applied to
either end of the sample cell, ice lenses formed, as
shown in Fig. 4. The black and white areas in
Fig. 4 are ice lenses and glass particles, respectively.
An ice lens initially appeared near the cold end of
the sample cell and grew with time. Once the ice
lens had grown a few 100lm, it stopped growing
and a new ice lens then appeared in a place warmer
than where the previous ice lens was growing. Con-
sequently, the ice lenses formed intermittent layers
perpendicular to the direction of heat #ow, which is
from right to left in Fig. 4. The ice lenses that
formed later were thicker. Fig. 5 shows the change
in the thickness of the ice lens that formed at the
warmest place in the sample. The elapsed time was
counted from the beginning of formation of the
warmest ice lens. Initially, the warmest ice lens grew
rapidly, and then grew more slowly. After 300min,
the warmest ice lens was 1.2mm thick. The temper-
ature gradient near the warmest ice lens was
0.253Cmm~1 and the temperature at the growth
surface of the ice lens was estimated to be
!0.063C.

3.2. Raman spectra of water near the warmest
ice lens

In order to evaluate the in#uence of the sample
cell and glass particles on the Raman spectra, pre-
liminary experiments were carried out using sam-
ples at room temperature and the temperature of
liquid nitrogen. No remarkable peaks arising from
the sample cell and the glass particles were ob-
served in the frequency range between 50 and
400 cm~1 from either sample (Fig. 7, R

R00.
and

R
LN

).
Then, we measured the Raman spectra to observe

the peak at 225 cm~1 in the vicinity of an ice lens
that had grown for 300min. Fig. 6(a) shows a com-
puter-processed image of the vicinity of the growth
surface of the ice lens monitored using the Raman
system. The right side is colder and the left side is
warmer. The warmest ice lens appears black, and the
glass particles appear as white circles. To measure
each pore, the diagnostic spot was moved in 0.4-lm
steps, as shown in Fig. 6(b), where d is the distance
from the growth surface of the warmest ice lens.

Fig. 7 shows a series of the Raman spectra ob-
tained from pores at distance d. The spectrum in the
ice lens (d(0) had a strong peak at 225 cm~1,
which indicated the existence of ice Ih. The peak
was also observed in the spectrum at the boundary
between a glass particle and the ice lens (d"0). On
the other hand, the spectrum at a warmer pore
more than 5 lm away from the ice lens (d'5) had
no remarkable peak at 225 cm~1, and was very
similar to that of the sample at room temperature
(R

R00.
).
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Fig. 6. (a) Computer-processed image and (b) schematic illustra-
tion of the vicinity of the growth surface of the warmest ice lens
monitored using the Raman system. The diagnostic spot was
moved in 0.4-lm steps for the measurement of each pore as
shown in (b), where d is distance from the growth surface of the
warmest ice lens.

Fig. 7. Raman spectra of pore water in the vicinity of the
warmest ice lens. d is distance from the growth surface of the
warmest ice lens in Fig. 6(b). R

R00.
and R

LN
are the Raman

spectra of samples at room temperature and the temperature of
liquid nitrogen, respectively.

3.3. Ice conxguration and proxle near the warmest
ice lens

If enough water reaches the growth surface of an
ice lens, the ice lens will keep growing. If there is not
enough water, however, the ice lens will stop grow-
ing and another ice lens will start to form in a new
location. Therefore, water near the growth surface
is important for ice lens formation. In our experi-
ment, no ice larger than 1 lm was observed in pores
at locations warmer than the ice lens. In nucleation,
only aggregates larger than a critical size are stable
and grow to become the solid phase. The size of the
aggregates depends on the temperature and de-
creases with the temperature. Assuming a cylin-
drical solid in liquid at a temperature of ¹, the

critical radius r* is given by the Gibbs}Thomson
e!ect

r*"
c

o
4
q

¹
.

¹
.
!¹

, (1)

where c is the solid}liquid interfacial free energy,
o
4
is the solid density, q is the latent heat of melting,

and ¹
.

is the bulk melting temperature. With
c"29]10~3 Jm~2, o

4
"0.917]103 kg m~3 and

q"3.33]105 J kg~1 [8], we obtain r*"0.026/
(¹

.
!¹), where r* is measured in lm. Conse-

quently, the calculated critical diameter at the
pores warmer than the growth surface of the war-
mest ice lens, which had an estimated temperature
!0.063C, is more than 0.87lm. In addition, ice
formation is more di$cult in a pore than in bulk
water because of surface forces from surrounding
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particles [8,12]. The estimated diameter only gives
the smallest value and suggests that no ice smaller
than about 1lm exists in pores at positions warmer
than the warmest growing ice lens. Therefore, no
pore ice exists in any location warmer than the
growth surface of the warmest ice lens in the porous
medium consisting of glass particles with diameter
of 9.7lm and the ice lens grows without penetrat-
ing the warmer pores.

4. Conclusions

Unidirectional freezing experiments were carried
out on an uncon"ned, water saturated, uniform,
porous medium consisting of micro glass particles
with diameter of 9.7lm. The formation of ice lenses
was observed in the porous medium. The Raman
spectrum of water was used to clarify the ice con"g-
uration in the vicinity of the growing ice lens. No
ice was found in any pore warmer than the warmest
ice lens in the porous medium and the ice lens grew
without penetrating the warmer pores.
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