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Formation of ice lenses and frost heave
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[1] I examine the morphology of ice growth in porous media. Intermolecular forces cause
premelted fluid to migrate and supply segregated ice growth (e.g., lenses) and frost heave.
I account for the net effect of these microscopic interactions in a homogenized model
formulated in terms of fundamental physical properties and characteristics of the porous
medium that can be measured; no ad hoc parameterizations are required. Force
equilibrium constraints yield the rate of fluid migration toward the ice lens boundary and
predict the conditions under which new lenses are initiated. By combining this analysis
with considerations of the heat flow problem in a step-freezing (Stefan) configuration,

I elucidate the boundaries between different regimes of freezing behavior. At higher
overburden pressures and relatively warm surface temperatures, ice lenses cannot form,
and freezing of the available liquid occurs within the pore space, with no accompanying
deformation. When conditions allow a lens to form, water is drawn toward it. If the
fluid supply is sufficiently rapid, the lens grows faster than the latent heat of fusion can be
carried away, and its boundary temperature warms until it reaches a stable steady state
configuration. At lower fluid supply rates, the lens boundary temperature cools until a new

lens can form at a warmer temperature beneath. With subsequent freezing this lens
grows until yet another lens forms and the process repeats. An approximate treatment
leads to estimates of the evolving lens thickness and spacing, as well as the accumulated

total heave.

Citation: Rempel, A. W. (2007), Formation of ice lenses and frost heave, J. Geophys. Res., 112, F02S21,

doi:10.1029/2006JF000525.

1. Introduction

[2] When water is frozen within porous media, interac-
tions between the ice and matrix surfaces produce a diverse
array of behavior, including the growth of needle ice (also
known as pipkrake) at the ground surface, periodic lensing
and heave in sediments, fracture of intact rock, and incor-
poration of sediment bands into the basal reaches of
glaciers. These phenomena are promoted by the influence
of mineral surfaces on the phase behavior of ice. A large
body of experimental and computational (e.g., molecular
dynamics) research confirms theoretical predictions that
premelted liquid films coat ice surfaces in equilibrium at
temperatures that are below the bulk melting temperature
(0°C at atmospheric pressure) [see, e.g., Dash et al., 1995,
2006, and references therein]. These films provide fluid
conduits that supply the growth of segregated ice even as
the intermolecular forces responsible for their presence
generate the substantial heaving pressures that cause frost
damage.

[3] Models aimed at describing the dynamics of ice
formation in porous media are complicated by the need to
incorporate physical interactions that operate on the length
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scale of the premelted films, which are dwarfed by typical
grain sizes yet control the macroscopic phenomena. Two
primary approaches have been taken. In the first of these,
attempts are made to account explicitly for the net inter-
actions between the ice and mineral surfaces, with the latter
treated using highly idealized geometries [e.g., Gilpin,
1980]. In part to circumvent the computational difficulties
resulting from such direct calculations, the more common
tact has been to introduce plausible, but nevertheless ad hoc
parameterizations for the ice particle interactions, the choice
of functional form being constrained to some extent by the
empirical macroscopic behavior [e.g., Fowler and Krantz,
1994; Konrad and Morgenstern, 1981; O Neill and Miller,
1985]. This second strategy, in particular, has enjoyed
considerable success at elucidating the characteristics of
ice growth under different environmental conditions. How-
ever, the force parameterizations frequently tend to obscure
the underlying physics; the driving mechanisms have often
been mistakenly attributed to more passive effects, such as
pressure melting and the Gibbs-Thomson effect. Moreover,
the absence of a firm connection between the microphysical
processes and their macroscopic description produces con-
siderable uncertainty in choosing how best to modify the
model parameters when changing focus from one physical
environment to the next.

[4] A modern understanding of premelting dynamics now
makes it straightforward to formulate rigorous and compu-
tationally efficient treatments for the superposition of inter-
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molecular forces that drive segregated ice growth in natural
porous media [Rempel et al., 2001]. These advances have
been used recently to examine the freezing conditions
within a simplified model that is focused on the dynamics
of solidification under an imposed, steady thermal field
[Rempel et al., 2004]. Here, I extend this work to predict
how different freezing regimes develop within a transient
thermal field, in particular for the case of a step-freezing
configuration in a saturated, noncohesive soil. I derive a set
of governing equations, based on conservation laws, to
predict how the imposed environmental conditions produce
the rich variety of behavior that can be observed within a
single soil. The mechanical conditions that prevail within
partially frozen porous media constrain the style of freezing
that develops, whether it be the multiple lenses that are
responsible for most of the frost damage that occurs within
soils, the single-lens regime of needle ice, or the simple pore
freezing that can occur without accompanying deformation.
I detail these force equilibrium conditions in the next
section, paying particular attention to the interplay between
environmental conditions and the sediment characteristics
that govern how the system responds. The energy balance in
a Stefan, or step-freezing, configuration is examined in
section 3. By considering the heat flow and mechanical
conditions together I produce regime diagrams that delin-
eate the type of freezing behavior expected for given
combinations of overburden and surface temperature. Focus-
ing on the multiple lensing regime, I propose approximate
expressions for the evolution of lens spacing and thickness
over time. The implications of these results and possible
extensions to this work are discussed further in section 4,
before offering a few concluding and summary remarks.

2. Force Equilibrium in Partially Frozen Porous
Media

[5] The process of freezing and melting in natural porous
media is sufficiently gradual that inertia is negligible and the
forces are balanced. To focus on the essential mechanisms
of ice segregation and frost damage, I assume that the pore
space, with volume fraction ¢, is completely filled with a
combination of liquid water and solid ice, and that no
soluble impurities or gaseous phases are present. The ice
saturation S, is the volume fraction of the pore space
occupied by ice. Even in the absence of soluble impurities,
liquid water remains in equilibrium with ice at subzero
temperatures because of the combined effects of interfacial
premelting and the Gibbs-Thomson effect [e.g., Cahn et al.,
1992; Dash et al., 2006]. Additional liquid can persist in a
metastable (supercooled) state within isolated pores because
of the nucleation barrier to solidification. There is no
nucleation barrier to melting [e.g., Oxtoby, 1999], so in
general S; is dependent on the solidification history as well
as the pore space geometry and the in situ temperature [e.g.,
Swainson and Schulson, 2001]. The effects of changes in
pore pressure on S, are assumed negligible. I am primarily
concerned with examining the system response to mono-
tonic cooling so S; is treated as a known function of
temperature 7" alone. To develop intuition I focus on the
case where the porous medium properties are laterally
continuous and the temperature varies only in the vertical
direction z, which is defined to increase with depth. I
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examine the force balance conditions beneath the lower
surface of the warmest segregated lens, assuming that any
pore ice beneath this level is attached and able to transmit
forces through skeletal connections to the overlying ice
[Miller, 1978] (see Figure 1).

2.1. Forces Between Mineral Grains and the Ice

[6] The most significant frost damage occurs when seg-
regated ice grows and pushes apart mineral grains to
produce macroscopic deformation of the porous medium.
The ice growth is supplied through premelted liquid films
that disjoin the ice from the mineral grains. It is the
intermolecular interactions across these thin films that are
the driving force for frost damage. The vector sum of the
surface-normal interactions is the net thermomolecular force
[Dash, 1989]. It has been shown that the net thermomolec-
ular force acting on an inclusion surrounded by premelted
ice (or an inclusion of premelted ice within a bounding
substrate) is proportional to the mass of ice that could
occupy the enclosed volume [Rempel et al., 2001], much
as Archimedes’ principle dictates that the net force on a
floating object is proportional to the mass of displaced fluid.
This result is used to calculate the net thermomolecular
force exerted between the ice and the mineral grains that are
found beneath a particular level within the partially frozen
region.

[7] It is worth a brief digression to make note of a
persistent misunderstanding in the frost heave literature
concerning the origin of the force that drives heave. By
analogy with the surface tension effects that lead to capillary
rise in the vadose zone at temperatures above melting, it has
often been suggested that the surface energy of the ice-
liquid interface, which is responsible for the Gibbs-Thom-
son effect, leads to the water migration that supplies ice lens
growth. I emphasize here that this has been proven wrong
[Rempel et al., 2001]. Because premelted water wets parti-
cle surfaces, there are no contacts between the ice and
particle surfaces; this is quite different from the case of
capillary rise, which is driven by the net force produced by
surface tension at the air-water-particle contacts. The Gibbs-
Thomson effect does play an important role in contributing
toward determining the permeability of partially frozen
regions to fluid flow, as well as in setting the depth to the
furthest extent of pore ice. However, the ice particle
interactions that cause interfacial premelting and produce
the net thermomolecular force are responsible for setting up
the fluid pressure gradients that cause unfrozen water to
flow and supply the lens growth that drives heave.

[s] For a porous medium of a given geometry, it is
convenient to define the temperature to which ice can extend
as Ty and the corresponding depth as z,(see Figure 2). These
are determined primarily by the influence of surface energy
(e.g., the Gibbs-Thomson effect) in limiting the invasion of
ice through restrictions in the pore space as the bulk melting
temperature is approached. I focus on the case where the
porous medium is partially ice saturated beneath the warm-
est lens at temperature 7; < Ty and position z; < z,so that a
frozen fringe is formed. Of prime importance is the net
effect of intermolecular interactions that separate the
mineral grains from the contorted ice surface. Two quanti-
ties are actually needed: first, the net thermomolecular force
that pushes upward on the ice that is beneath any given
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Figure 1. Photograph showing ice lenses (dark) that developed in a step-freezing experiment performed
by Taber [1930], reprinted with permission of the University of Chicago Press. The schematic diagram
shows the region of partial ice saturation that develops beneath the lowermost, growing ice lens.

isotherm within the frozen fringe; second, the net thermo-
molecular force that pushes upward on the lens itself, as a
function of the temperature at its boundary. The following
procedure homogenizes the microscopic interactions to
provide a continuum description of these net forces.

[v] First, envision making a horizontal cut through the
pore ice at some position z within the frozen fringe. One can
think of the newly disconnected ice beneath that level as
being completely surrounded by a substrate, with an inter-
vening premelted film. In Flgure 2, the volume of ice
between z and the fringe base [Z /$S,dz is represented by
the stippled region beneath the dashed line. The principle of
“thermodynamic buoyancy” outlined above implies that the
net thermomolecular force per unit area on this ice body
would be [Rempel et al., 2001]

s 7
o / 6S.VTdz = P& / ¢S, dT 2,
Tm z Tm T

where p ~ 920 kg/m® is the ice density, £ ~ 3.3 x 10° J/kg
is the latent heat per unit mass, and 7,,(P) is the bulk
melting temperature at the in situ pressure (e.g., 7,, ~ 273 K
near the ground surface). The temperature gradient must be

vertical for the second equality to hold. Now, since the ice is
actually attached at its upper boundary, we subtract the force
that would have been applied on that imaginary horizontal
surface by the material just above z (as shown in Figure 2,
only a fraction ¢S, of the horizontal cross section at z is
occupied by ice). This gives us the net force per unit area
exerted by the mineral grains on the ice beneath z as

/ S, dT} (1)

where Z is a unit vector. This is the vertical force that tends
to separate mineral grains and leads to ice lens formation in
porous media. The notation (¢S;)7—7 indicates that ¢S
should be evaluated immediately above the level z (e.g., on
the colder side). This distinction becomes important at the
lens boundary, where the ice content ¢S, jumps discontinu-
ously to unity. Hence equation (1) gives the net force per
unit area over the entire lens boundary as

7
_PE (T,,, - T - / ¢S, dT) 7. )
Tm T

Fr(T) = (¢S r1-

Fr(T)) =
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