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Thermodynamics of frost heaving: A thermodynamic proposition for dynamic phenomena

Hisashi Ozawa*

Geographisches Institut, Eidgeno¨ssische Technische Hochschule, CH-8057 Zu¨rich, Switzerland
~Received 30 December 1996!

A phenomenon of up-heaving during the freezing of water in porous materials is reviewed. A unique feature
relevant to the phenomenon is that when water and ice are partitioned by a microporous material and are kept
in a supercooled state, water moves from below to the ice bottom against a force of gravity, and gravitational
potential energy is spontaneously produced. This phenomenon, which is unable to be explained by Newton’s
laws of dynamics, is found to be consistent with the second law of thermodynamics. It is suggested that matter
in a system kept in a thermodynamically nonequilibrium state can move in a direction opposite to a force
applied on the matter if the movement produces an increment of entropy in a whole system consisting of the
system and local surroundings that interact with the system. The result is generalized and a simple thermody-
namic proposition is proposed so as to account for emergence of dynamic motions in nonequilibrium systems.
Some of the examples are discussed from this thermodynamic viewpoint.@S1063-651X~97!12909-9#

PACS number~s!: 05.70.Ln, 05.70.Fh
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I. INTRODUCTION

The growth of ice crystals from a soil surface has
tracted scientists in various fields, e.g., physics, chemis
geology, biology, agriculture, and civil engineering. The
tractive feature is that an ice column grows upward as i
were a growing plant~see, e.g., Fig. 1!. When the ice grows
inside a freezing ground, the resultant upheaval of the
face is called frost heaving. Le Conte investigated this p
nomenon for the first time@1#. Since then several experimen
tal studies have been carried out~e.g., Taber@2#, Fujita et al.
@3#, and Nakaya and Magono@4#!. Characteristic feature
relevant to the frost heaving can be summarized as follo
~a! spontaneous separation of ice from a mixture of soil a
water,~b! movement of water against a force of gravity, a
~c! resultant production of potential energy against the gr
ity. Although several theoretical studies of frost heavi
have been carried out@5–8#, the cause of water movement
still debatable. In this paper, we shall not go into the det
of the problems; e.g., soil properties, surface interactio
thermomolecular pressure, etc. Instead, a few fundame
features of frost heaving will be described in Sec. II. Then
Sec. III we shall see how this phenomenon can be expla
by the second law of thermodynamics. It will be shown th
Newton’s second law of dynamics is not applicable to a s
tem that is kept far from its thermodynamic equilibrium.
the nonequilibrium system, matter can advance to reco
the equilibrium even though a force applied on the matte
in the opposite direction. The result is generalized, an
simple thermodynamic proposition is presented so as to
count for spontaneous emergence of dynamic motions
nonequilibrium systems. Some of the examples, e.g., Ca
engine, Be´nard thermal convection, and global circulation
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the Earth’s atmosphere, are to some extent discussed
this viewpoint.

II. FROST HEAVING

A schematic picture of frost heaving is shown in Fig.
Ice and water are partitioned by a porous material tha
permeable to water. It has been confirmed that the mate
can be a thin membrane filter@9# or a grass filter@10,11# or
even a single narrow capillary@12#. Thus it is needless to
consider the complicated properties of soils. It is empirica
known that the key factor is related to the size of pores~cf.
@2,3#!. If the size is large enough, say larger than 0.1 m
frost heaving hardly takes place. Instead, if the size is sm
enough, say less than 1mm, ice can be grown upward from
the material. Figure 1 shows such an example. In this exp
ment, a microporous filter~Millipore filter, Millipore Inter-
tech, P.O. Box 255 Bedford, MA 01830, USA, mean po
diameter 0.05mm! is used as the material. The growth pr
cess has been investigated in an earlier publication@9#. Here
it should be noted that water is kept in a supercooled s
since ice does not propagate through the pores of the fi
Under this state, the water is driven through the filter, free
at the ice bottom, and thus the ice grows upward~Fig. 1!.
Jacksonet al. @5,13# presented a theoretical explanation f
the nonpropagation of ice into the pore capillaries. They
plained lowering of the freezing temperature of the ice in
capillaries by the Gibbs-Thomson effect. According to t
Gibbs-Thomson effect, maximum supercooling maintain
by pores with a diameter of 0.05mm is 2 K ~cf. @9#!; it means
ice cannot propagate through the pores if the ambient t
perature is higher than 271.15 K~22 °C!.

An important fact relevant to the frost heaving is the e
istence of a thin water layer between ice and a solid surf
at temperatures below the normal freezing point. Fara
first suggested the possibility of a water layer on the
surface in order to explain several mechanical properties
ice, such as regelation@14#. The existence of such a wate
layer was observed under an optical microscope at a con
area between ice and a glass plate at temperatures as lo
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230 °C @15#. Kuroda@7# presented a thermodynamic expl
nation for the existence of the water layer and discus
kinetic process at the water layer. A review on this subj
was recently published by Dashet al. @16#.

The most important feature of frost heaving is shown
Fig. 2, i.e., water movesagainst a pressure increase, an
gravitational potential energy is spontaneously produced
shown in Fig. 2, the water level in the right-hand side of t
U-shaped tube is set lower than the level of the porous
terial ~e.g., a filter!. Thus, owing to the hydrostatic balance
the gravity field, the water pressure at the bottom of the fil
pw , is less than the standard atmospheric pressure,pa : pw
,pa . On the other hand, pressure at the bottom of the
pi , is a sum of ice weight and an extra weight~if loaded!
divided by the area of the ice bottom plus the atmosph
pressure. Thuspi.pa . Because of the mechanical balance
the ice bottom, pressure of the water layer has to bepi . So
water has to flowagainstan increase in pressure (pi2pw) as
indicated with a dashed line in a pressure diagram in Fig

FIG. 1. Successive photographs of the ice growth on a
croporous filter~Millipore filter, pore diameter 0.05mm!; ~a! seed-
ing of ice particles,~b! 3 h, and~c! 5 h after the seeding. The room
temperature was20.560.1 °C.
d
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In fact, water flows if it is kept in a certain supercooled sta
~see Fig. 1!. Water flows into the layer, freezes at the i
bottom, and thus the ice is pushed upward. This is the f
damental feature of frost heaving. This could be a parado
one tried to work with Newton’s second law of dynamic
There is no reason in Newton’s dynamics for a mass to m
againstan external force.~Strictly speaking, the force con
sists of a pressure term and a gravity force applied to a m
of a liquid parcel under consideration. The direction of bo
forces isoppositeto the direction of the water movement!
Some attempts assuming areductionof water pressure at the
water layer, which could explain a water flow into the lay
~e.g.,@16#!, could not explain the mechanical balance at t
water layer; i.e., the water layer should have ahigher pres-
sure to support the ice~see Fig. 2!. Neither Newton’s laws
nor Navier-Stokes’ equations for fluid dynamics can acco
for the water movement during frost heaving. This has be
a center of debates on the matter of frost heaving.

If there were only Newton’s laws, there could never ha
been any motion in the Earth. Newton himself was aware
the problem. By reason of viscosity of fluids and friction
their parts, motion is much more apt to be lost than gott
and is always upon the decay~p. 398@17#!. He suspected an
activeprinciple by which bodies can be driven into motio
yet he did not specify it~p. 402@17#!. We shall in due course
present anactiveprinciple by which frost heaving, as well a
others, can be driven into motion.

So far several experimental studies have been carried
to find the maximum pressure produced by frost heavi
Radd and Oertle@18# carried out freezing experiments o
soils under different loads on ice. They found a relation b
tween the maximum overburden pressure on ice~pi2pa
50 to 17 MPa! and degree of supercooling at the freezi
front at a static state at which the heaving is suppress
Biermanset al. @10# did a simple experiment such as Fig.
using a glass filter as the material. The experimental ve
was immersed in a liquid bath which was held at a const

i-

FIG. 2. Schematic illustration of frost heaving. Ice and water
partitioned by a microporous material that is permeable to wate
thin water layer is existing between the ice bottom and the mate
surface and freezing takes place at the upper surface of the la
Water pressure at just below the material (pw) is lower than the
standard atmospheric pressure, whereas pressure at the water
(pi) is higher than the atmospheric pressure. Thuspw,pi . The
water is nevertheless drawn into the water layer against the pres
increase (pi2pw), if it is kept in a certain supercooled~nonequi-
librium! state. Consequently gravitational potential energy is sp
taneously produced.
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56 2813THERMODYNAMICS OF FROST HEAVING:A . . .
temperature below the freezing point, thereby keeping it i
supercooled state. In their experiment, water side pres
was set lower than the atmospheric pressure~pw2pa50 to
280 kPa!, and a relation was found between the negat
water pressure and the degree of supercooling at the s
state. We shall refer to this static state as a metastable-s
state, since the water phase is kept in a supercooled state
thermodynamically metastable~nonequilibrium!. The two
aforementioned results can be summarized into a single
lation for the metastable-static state:

DTms5
Te

L
~Dpiv i2Dpwvw!, ~1!

whereDTms5Te2Tms is the degree of supercooling at th
freezing front at the metastable-static state,Te is the phase
equilibrium temperature of ice and water~273.15 K! under
the standard atmospheric pressure (pa5101.3 kPa51 atm),
L is the latent heat of fusion of ice per molecule,v i is the
molecular volume of ice,vw is the molecular volume of wa
ter, Dpi5pi2pa andDpw5pw2pa are pressures of ice an
water measured against the standard atmospheric pressu
the supercoolingDT is greater thanDTms and is less than the
maximum degree maintained by the pores, then freezing
heaving will take place. This equation has an import
meaning for civil engineers and geologists in cold clima
regions. According to Eq.~1!, one degree of supercoolin
could heave a weight of 11 kg on a ground of 1 cm2 ~cf., e.g.,
@18#!. This is a source of motive power for dynamics in t
cold regions. It is so powerful that rocks, buildings, and ev
mountains can be heaved up~see Fig. 3!. The fundamental
feature of frost heaving is shown in Fig. 2. It is easy to s
the heave. If a large hole is made in the porous materia
the soils are replaced with a coarser material such as s
then water can never be kept in a supercooled state a
freezes without doing any work. The fundamental feature
frost heaving can be summarized as~a! when water and ice
are partitioned by a microporous material, water can be k
in a supercooled state,~b! the water is then driven throug
the material toward the ice bottom against an applied fo
and potential energy against the force is spontaneously

FIG. 3. A heaving mountain, called pingo, in Mackenzie delta
the Canadian Arctic~69.40° N, 133.08° W!. The height of the
mountain is 50 m, and the basal diameter is 300 m. The photog
was taken from an airplane in March 1989.
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duced, and~c! an empirical relation Eq.~1! is found to exist
under the metastable-static state.

III. A THERMODYNAMIC PROPOSITION

We shall here consider a proposition that matter in a s
tem kept in a thermodynamically nonequilibrium state c
move in a direction opposite to a force applied to the ma
if the movement produces an increment of entropy in
whole system consisting of the system and local surrou
ings that interact directly with the system. The moveme
against the force results in production of potential ener
which is ready to be converted into kinetic energy. T
proposition can, therefore, be seen as anactiveprinciple by
which spontaneous emergence of dynamic motions in n
equilibrium systems may be explained. We shall examine
proposition with respect to frost heaving.

A. Entropy change during frost heaving

Let us consider a whole system that consists of a syst
in which an ice column is grown upward and potential e
ergy may be extracted, and of a surrounding thermal re
voir, whose temperature is isothermally controlled atT (T
,Te). Although it is not a general case, this situation h
been realized in some experiments@9,10#, and is suitable for
our simple consideration. Let us then consider that a cer
small amount of water molecules,dn, is drawn into the wa-
ter layer and captured at the surface of ice lattice. Since
water movement against a pressure increase results in
duction of potential energy, a part of the latent energy
leased by the recovery of molecular bonds may be conve
into the potential energy,dE. The rest of the energy will
change into heat,dQ, i.e., random thermal motion of mol
ecules. Then the conservation law for energy~the first law of
thermodynamics! should hold as

Ldn5dE1dQ. ~2!

Equation ~2! means that a part of the latent heat~internal
energy! of the supercooled water is converted into poten
energy.

The entropy change in the whole system is given by
sum of that in the system and that in the thermal reservo

dSwhole5dSsys1dSres, ~3!

wheredSwhole, dSsys, anddSres are the entropy change of th
whole system, that of the system, and that of the ther
reservoir, respectively. Entropy of the system will decrea
owing to the ordering process of water molecules at the
surface. The entropy decrease due to the ordering proce
in principle, independent of the temperature. The amoun
the entropy decrease is thus approximated by that at
phase equilibrium temperature as

dSsys52Smdn52
L

Te
dn, ~4!

whereSm5L/Te is entropy of melting of ice per molecule
The heatingdQ at the freezing interface results in a rise

temperature around the interface, and the resultant temp
ture gradient causes heat conduction from the interface to

ph
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2814 56HISASHI OZAWA
thermal reservoir. When we consider a steady state, the
released at the interface is completely drained into the re
voir. The entropy increase of the system due to the heatin
then negligible, whereas that of the thermal reservoir is gi
by the heating divided by its temperature as

dSres5
dQ

T
. ~5!

By substituting Eqs.~4! and ~5! into Eq. ~3!, and elimi-
natingdQ using Eq.~2!, we get

dSwhole5
LDT

TeT
dn2

dE

T
, ~6!

whereDT5Te2T is the supercooling of the thermal rese
voir. The first term represents an increment of entropy du
the freezing of the supercooled water, and the second
represents a reduction of entropy due to extraction of po
tial energy from the latent heat. The first term correspond
a decrease of Gibbs free energy~or chemical potential! due
to freezing of supercooled liquid. The free energy is rela
to entropy of a whole system in a specific condition of co
stant temperature and constant pressure. We do not use
energy in this paper since the pressure condition~Fig. 2! is
far from uniform.

B. Potential energy produced by frost heaving

Let us evaluate the amount of potential energy produ
by frost heaving. There are two relevant processes. First
water moleculesdn move from the zone with low pressur
(pw) to the water layer with high pressure (pi) against the
pressure difference~see Fig. 2!. The resultant production o
potential energy is the pressure difference (pi2pw) times
their volume (vwdn). Therefore dE15(pi2pw)vwdn
5(Dpi2Dpw)vwdn. Second, the water molecules in th
water layer should expand their volume by freezing fo
certain amount, (v i2vw)dn, against the overburden pressu
Dpi . The production of potential energy by this expansion
dE25Dpi(v i2vw)dn. Thus the total amount of potentia
energy produced by the movement and the freezing is

dE5dE11dE25~Dpiv i2Dpwvw!dn. ~7!

One may suspect a contribution to the potential energy
the upward movement of the water mass against grav
This contribution has already been taken into account by
lowness of the water pressure (Dpw,0) so long as the pres
sure is measured at just below the freezing front~see Fig. 2!.
With increasing overburden~ice! pressure and decreasin
water pressure, the potential energy produced by frost h
ing will increase.

C. The cause of frost heaving

The thermodynamic proposition considered here is t
water movement against an external force can take p
provided that the movement produces an increment of
tropy in the whole system. By substituting Eq.~7! into Eq.
~6!, the proposition is rewritten in the form
at
r-
is
n
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dSwhole5H LDT

Te
2~Dpiv i2Dpwvw!J dn

T
>0. ~8!

The proposition~8! states that frost heaving should proce
(dn.0) when the sum in the curly parentheses is a posi
value, in other words, when the supercooling is larger th
the empirical degree at the metastable-static state~1!; i.e.,
DT.DTms. On the contrary, melting (dn,0) should take
place whenDT,DTms. The static state (dn50) is expected
when DT5DTms. The thermodynamic proposition~8! is
thus consistent with the experimental results~@10# and@18#!.
It is concluded that the water movement during frost heav
is caused not by a mechanicalforce, but by a requirement of
the second law of thermodynamics, i.e., a tendency to
crease entropy in the whole system which has been kept
thermodynamically nonequilibrium state.

IV. DISCUSSION

In general, phase change in a nonequilibrium system~e.g.,
freezing of supercooled liquid! is an irreversible proces
through which a certain amount of entropy is produced i
whole system connected with the system@the first term in
Eq. ~6!#. By making a link to this intrinsically irreversible
process, potential energy can be extracted from internal
ergy ~heat! even though this extraction reduces a cert
amount of entropy in the whole system@the second term in
Eq. ~6!#. Let dSirrev denote an increment of entropy in
whole system by an irreversible process of this kind. Th
the proposition~6! is rewritten in a general form, viz.,

dSwhole5dSirrev2
dE

T
>0, ~9!

whereE is a total amount of energy available for dynam
motions~i.e., potential energy, kinetic energy, work, electr
energy, etc.! except for the internal energy such as heat. T
intrinsically irreversible process can be a heat flow from h
to cold, diffusion of molecules from dense to sparse,
phase change in a nonequilibrium system. It is our us
experience that the dynamic forms of energy tend to di
pate into heat by viscosity of fluids, by friction of materi
surfaces, or by imperfect elasticity of solids. The dissipat
of the dynamic forms of energy is, by itself, a spontaneo
change since a certain amount of entropy (2dE/T.0) is
produced. The dynamic motions thus come to rest. Howe
according to the proposition~9!, we can expect spontaneou
emergence of a dynamic motion (dE.0), if the motion is
linked to an intrinsically irreversible process of higher e
tropy production (dSirrev.dE/T). The proposition~9! is
thus seen as anactiveprinciple by which spontaneous eme
gence of dynamic motions can be accounted for.

A typical example which produces dynamic forms of e
ergy from heat is a steam engine discussed by Carnot@19#.
The steam engine is operated with a hot thermal reser
and a cold thermal reservoir. A heat flow (dQ) from the hot
reservoir (Th) to the cold reservoir (Tc) is an intrinsically
irreversible process by which a certain amount of entropy
produced. The amount is given by a sum of that gained
the cold reservoir and that lost from the hot reservoir, su
as,
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dSirrev5
dQ

Tc
2

dQ

Th
5

Th2Tc

ThTc
dQ. ~10!

SinceTh.Tc , dSirrev.0. Then according to the propositio
~9!, a certain amount of energy~dE! in a dynamic form~e.g.,
work! can be extracted from a thermal reservoir (T). By
substituting Eq.~10! into Eq. ~9!, we get

dSwhole5
Th2Tc

ThTc
dQ2

dE

T
>0. ~11!

If the energy conversion is made from the hot reservoir, th
T5Th . The efficiency of a steam engine is defined as a ra
of the converted energy to the total heat flow from the
reservoir: h5dE/(dQ1dE). By substituting the relation
~11!, we geth<(Th2Tc)/Th ; that is what is called maxi-
mum efficiency found by Carnot@19#. If the extraction is
made from the cold reservoir, thenT5Tc , and the efficiency
is h85dE/dQ. Then using the relation~11!, again we get
the same maximum efficiency:h8<(Th2Tc)/Th . Since the
proposition~11! does not depend on the place of the ene
extraction, it seems to be a general expression for the op
tion of an engine. It is explicitly shown in Eq.~11! that the
production of dynamic forms of energy is possible along
heat flow from hot to cold.

It seems to the present author that another typical exam
of dynamic phenomena in nonequilibrium systems is ther
convection investigated by Be´nard @20#. Although numbers
of investigations have been carried out on this subject,
have no solid physical theory that is capable of express
the complete process of thermal convection~e.g.,@21#!. The
difficulties may be related to nonlinearity of dynamic equ
tions and the resultant complexity of the solution@22#. Apart
from the complex behaviors of the dynamic equations, Fe´lici
@23# and Sawada@24# suggested that the state of therm
convection is stabilized at a state with a maximum rate
entropy increase through convective heat transport from
hot reservoir to a cold reservoir. The stabilization at t
maximum rate of entropy increase has been confirmed
numerical simulation of Be´nard-type convection~e.g.,@25#!.
Further investigation is needed to verify the thermodynam
proposition for the evolution of thermal convection in rel
tion to the change of a mode of kinetic motions of the flu
Here it should be noted that global scale thermal convec
,
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of the Earth’s atmosphere~the general circulation! is also
regulated at a state of maximum rate of entropy incre
through convective energy transport from the Earth’s surf
to outer space@26#. The general circulation of the atmo
sphere is a major source for dynamic motions in the pres
Earth; e.g., winds, cyclones, rainfalls, river streams, oc
currents, etc. The energy supply to the Earth’s surface
currently maintained by shortwave radiation from the hot s
~5770 K!. It is therefore reasonable to say that the dynam
phenomena in the present Earth are, in general, mainta
by the tendency to increase entropy in the universe wh
has been kept in a large thermal nonequilibrium state.

V. CONCLUDING REMARKS

In this paper, we have discussed the mechanism of f
heaving which has not been explained by Newton’s laws
dynamics. It appears that the water movement during fr
heaving is caused not by a mechanical force but by a th
modynamic tendency to increase entropy in a whole sys
which has been kept in a supercooled~nonequilibrium! state.
The result obtained from this case study is generalized, a
thermodynamic proposition is proposed so as to account
the occurrence of dynamic phenomena in thermodynamic
nonequilibrium systems. Carnot engine, Be´nard thermal con-
vection, and global convection of the Earth’s atmosphere
shown to be akin to frost heaving of an ice column in th
respect.
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