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Frost Heave Dynamics at a Single Crystal Interface
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(Received 4 October 1994)

We study How in a surface-melted layer of a single crystal of ice at a plane solid interface. The flow,
which is induced by a temperature gradient in the melted layer, causes the ice to grow normal to the
interface. The process is the basis for frost heave in frozen soils. Flow is observed in a limited range
of temperatures near the melting point, implying that surface melting is absent below this range. The
data are analyzed in terms of a model which allows estimates of the quid layer thickness. The results
are not consistent with interfacial melting due to purely van der Waals forces.

PACS numbers: 64.70.Dv, 68.35.Md, 83.50.Lh

Frost heave is a common phenomenon in cold climates,
causing significant changes in the natural environment
and placing serious limitations on the design and dura-
bility of engineered structures [1—3]. The basic process
involves the stable existence of unfrozen water below the
bulk melting transition, which can result from one or more
causes, such as surface melting and curvature effects. In a
thermal gradient this liquid will flow toward a lower tem-
perature due to the tendency to lower its chemical poten-
tial. This flow is the cause of the dilation known as frost
heave. Although frost heave is conventionally treated as
if peculiar to frozen ground, it has been shown that the
phenomenon may occur in any solid [4—7]. Notwith-
standing its universality, many aspects are unknown, be-
cause virtually all experiments have been conducted in
porous media. High area porous media are advantageous
because they greatly increase the total flow rates from
intrinsically slow surface transport, but their typical het-
erogeneity and complex geometry prevent detailed mea-
surements of the basic surface process. Surface melting
is a common mechanism allowing the stable existence of
melt liquid at a flat interface. Recent experiments have
examined surface melting in a variety of materials using
a number of different techniques [8—18]. These studies
have shown that the tendency of a material to surface melt
depends on crystal orientation, purity, and surface disor-
der; however, very little is known about layer mobility.

This paper reports the first measurements of frost heave
dynamics on the plane surface of a single crystal of
ice. The dynamics are sensitive specifically to the flow
properties of the quasiliquid film. The observation of
flow confirms the presence of a fluid layer, but only
in a restricted range of temperatures close to the bulk
transition temperature To. Below a specific temperature
T', we observe no flow and infer the absence of any
melt liquid. Measurements of flow rates permit us to
estimate the film thickness. Where present, the films are
much thicker than can be accounted for by surface melting
controlled by dispersion forces alone.

In the experiment a temperature gradient is imposed
parallel to the interface between an ice crystal and a

flexible membrane. The temperature gradient produces
a thermomolecular pressure gradient [4,5,7, 19], which
induces liquid flow in the surface-melted film toward
lower temperatures. The flow rate is extremely low;
hence the film thickness is essentially at its equilibrium
value as determined by the local temperature. Since
the equilibrium thickness decreases with temperature, by
continuity, the liquid must progressively convert to ice
as it moves along the interface. This causes uneven ice
growth, and the development of the surface topography is
impressed upon the flexible membrane. The evolution of
this topography is measured by interference microscopy.

The experimental arrangement is shown in Fig. 1(a).
The sample cell is a thin hollow disk, 0.8 mm thick and
19.0 mm in diameter, formed by a circular hole in a
fiberglass wafer, and faced by a glass plate on the bottom
and a flexible polyvinylidene chloride membrane on the
top. The cell is filled with distilled deionized water via
capillary tubes through the periphery; after filling, one
tube is sealed off and the other remains connected to an
external reservoir open to ambient pressure. The center
of the cell is cooled from the bottom by a Peltier device
to a temperature T~ below the freezing point To, while the
temperature of the periphery T2 is held above To. Both
temperatures can be maintained within 1 mK for periods
of many days. Ice is nucleated at the center by touching
the membrane with a cotton tip cooled in liquid N2. The
ice grows out to an equilibrium radius determined by
the temperature settings. By adjusting Ti and T2, the
radius of the ice and the radial temperature gradient at
the ice-water interface can be controlled independently.
The grain structure and crystal orientation of the ice are
examined by polarimetry. The disk generally consists of
four to eight pie-shaped single crystal domains. A typical
disk is shown in Fig. 1(b).

The flow and growth measurements are determined
by analysis of sequences of interference fringe patterns,
taken at equally spaced time intervals. Figure 2 shows
three images from one series. Each image represents a
region of approximately 1.0 mm X O.S mm . The edge
of the ice disk is visible as a bright vertical arc in the
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FIG. 2. Interference micrograph of membrane at three succes-
sive times, showing evolution of topology.
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FIG. l. (a) Experimental setup. (b) View of ice through
crossed polarizers showing domain structure. Eight domains
are visible.

center of each picture. A complete sequence typically
consists of snapshots recorded on video at a rate of one
per hour for one to two weeks. A convenient fraction
of the images is digitized and analyzed to produce the
membrane profiles z(r, t) Figure 3. shows a typical series
of profiles obtained from one run. The ice shape is
assumed to be the same as the membrane shape up to
within 20p, m of the disk edge, at which point it bends
away. The pronounced ridge near the outer edge of the
ice disk is due to the locally greater film thickness and
flow rate near the freezing point. Continued ice growth
raises the membrane which in turn presses back onto the
ice, resulting in a retardation of the flow. Consequently,
the observed growth rate of the ice decreases with time.

A striking feature of the data is that growth is observed
at radii above a certain value r', but no perceptible growth
for r ( r'. We interpret this to mean that there is surface
melting at temperatures between Tn and T(r'), but not
at T ( T(r') Note the regio. n of negative curvature
at r ( r', indicating that the local pressure under the
membrane is less than atmospheric. Evidently, there
is sufficient adhesion to maintain contact between the

membrane and the ice. The profiles in Fig. 3, along with
the analysis presented in the next section suggest that the
film thickness drops rapidly over a narrow temperature
range around T = —0.03 C.

An abrupt onset of surface melting with increasing
temperature is distinct from complete and incomplete
surface melting. Complete melting involves a continuous
increase of film thickness with temperature, diverging as
To is approached. For incomplete melting, the thickness
saturates at a finite temperature before TEJ is reached [20].

Each type of melting behavior corresponds to a particu-
lar functional form of the surface free energy F(L). The
total free energy of the film G(L) is the sum of surface
and bulk contributions, as
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FIG. 3. Typical time series of membrane profiles. Shaded
area shows inferred ice profile after 5 h. The temperature
gradient in the ice at R =

R&& is 0.92 C/cm. Curves a 5,
6 20, c 40, d 60h, and e160 h.

G(I.) = F(L.) + ' I. .
Tov;

q is the latent heat of melting, v; is the molecular
volume of ice, and To is the melting temperature. The
second term is the cost in bulk free energy for a liquid

5077



VOLUME 74, NUMBER 25 PH YS ICAL REVIEW LETTERS 19 JUNE 1995

(a) 0.5
- ', I

0.4 -',
~

I

E 0.3-, i

CD

02

0

I I I I I I I I I I ! I I I I I I I I I
Ivf ~

0 10 20 30 40 50
L (A)

(b) 50,
40-
30-

o+—20-
10-
0-

-10 "
0 0.0

complete——- incomplete
--------- abrupt

experiment

2 0.04 0.06
T -T ('C)

I

0.08

FIG. 4. (a) Excess surface free energy F(L) corresponding to
three types of surface melting behavior. (b) L(T) calculated
from curves in (a), compared with experimental values.

film of thickness L at a temperature T below the melting
temperature, to first order in (T —To). The equilibrium
film thickness is found by minimizing the total free energy
G(L). In Fig. 4(a), F(L) is plotted corresponding to
three different types of melting behavior. One interesting
possibility, shown in the figure, is that F(L) has two
minima, with the global minimum occurring for L ~ oo

[21]. In this case, as the temperature is lowered, the
minimum of G(L) will jump discontinuously from a finite
large value of L to one at a small value of L, as seen in

4(b). Such behavior would be consistent with our data,
although this is not the only form of F(L) which can
explain the rapid change in film thickness we observe.

F(L) is the sum of all of the surface interactions
present in the system. Theoretical and experimental
studies have shown that one must consider van der Waals,
electrical double layer, and short range interactions [22].
A detailed calculation of the van der Waals contribution
to F(L) for some ice/polymer interfaces [23] shows
that it alone is too weak to explain the film thicknesses
(discussed below) or the onset temperature observed.
Electrical and short range interactions must therefore
play an important role for this system. As an example,
we have considered the possibility that the membrane
may be partially ionized in solution with no background
electrolyte [22]. Adding the electrical interaction to the
van der Waals result enhances the film thicknesses in the
melted region in closer agreement with the experimental
results. (Conceptually, this combination is similar to that

()z(r, t) v; I d dV(r))r
v r dr dt

(2)

dV(r)/dt is the volume fiux for a channel of width L
and unit breadth, v is equal to the molecular volume
of water, and v;, q were defined above. Under the
experimental conditions the film thickness varies very
slowly; hence the flow can be treated as Poiseuille flow
in a parallel sided channel. The volume flux is then given
by

dV(r)
dt

I.'(r) dP, (r)
12' (r) dr (3)

where dPI(r)/dr is the radial pressure gradient in the
liquid parallel to the interface.

The pressure in the liquid layer is derived by equating
the chemical potential in the melted layer to that of the
adjacent solid, and expanding about the chemical potential
at a point on the solid/liquid coexistence line. Taking the
gradient of both sides yields

dPI(r) v; \ dp;(I) q dT(r))
dr v~ ) dr U;T() dr

(4)

P; is the external pressure exerted on the ice by the
membrane. It depends on the surface tension o. of
the membrane and the local radius of curvature R,
as P, = o/R. The second term on the right is the
thermomolecular pressure gradient associated with the
temperature gradient.

Equations (2), (3), and (4) fully define the evolution
of the ice profile in terms of the temperature dependence
of film thickness and viscosity. In one limit, the profile
takes a particularly simple form. At very small times, the
membrane is almost flat and the term due to the membrane
pressure may be dropped. Integrating Eq. (2) with respect
to r and combining with Eqs. (3) and (4) then yields

L'(r)
12' (r)

V~TO dT 1 I /Bg f', t
7" df'

vq dI- r

(5)
where the lower limit of the integral, a, is a radius below
which the film thickness is assumed to be negligible.

used in the theory by Derjaguin and Landau [24] and
Verwey and Overbeek [25] to describe the stability of
colloidal particles in solution. ) The details of the jump
from large to small film thicknesses depend on the exact
form of the short range forces involved.

In the region for I. ) r', the experimental measure-
ments of the profile evolution can be related to physical
properties of the fluid film. The following is an outline of
a quantitative theory and its application to the experimen-
tal conditions. The calculation is simplified by assuming
that the film is quasistatic. Hence its local thickness L(r)
is the equilibrium value at temperature T(r)

By continuity, the velocity of the profile z(r, t) is a
function of time and position, according to the equation
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To deduce L(T) from the data requires an estimate of
ri(T) in the film. It is known that the viscosity of very
thin films is greater than that of the bulk liquid, due to
layerlike ordering at an interface (proximity effect) [26—
28]. With a trial assumption that the film rl has its bulk
values g(T) [29], the calculated thicknesses are shown in
Fig. 4(b).

These thicknesses are not much larger than the typical
scale of the proximity effect, and hence the true viscosity
is likely to be larger than the bulk viscosity. The actual
thicknesses will then be greater than those calculated
using the bulk value of g. At temperatures between
—0.010 C and the melting point, the fIow rates are
influenced

by curvature effects even for very small
times, and hence cannot be used to determine film
properties within this approximation. Recent theoretical
work has made significant progress in calculating How
rates including the effect of membrane curvature [30].

Further measurements will explore the effects of other
crystal orientations and interfacial materials.
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