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Thermodynamics of frost heaving: A thermodynamic proposition for dynamic phenomena
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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 view®it63-651X%97)12909-9

PACS numbds): 05.70.Ln, 05.70.Fh

[. INTRODUCTION the Earth’s atmosphere, are to some extent discussed from
this viewpoint.
The growth of ice crystals from a soil surface has at-
tracted scientists in various fields, e.g., physics, chemistry,
geology, biology, agriculture, and civil engineering. The at-
tractive feature is that an ice column grows upward as if it A schematic picture of frost heaving is shown in Fig. 2.
were a growing plantsee, e.g., Fig.)1 When the ice grows Ice and water are partitioned by a porous material that is
inside a freezing ground, the resultant upheaval of the supermeable to water. It has been confirmed that the material
face is called frost heaving. Le Conte investigated this phecan be a thin membrane filtg®] or a grass filtef10,11] or
nomenon for the first timgl]. Since then several experimen- €ven a single narrow capillafj12]. Thus it is needless to
tal studies have been carried datg., Tabef2], Fuijitaet al. consider the complicated properties of soils. It is empirically
[3], and Nakaya and Magonf]). Characteristic features known that tht_a ke_y factor is related to the size of pdiefs
relevant to the frost heaving can be summarized as followd:2:3)- If the size is large enough, say larger than 0.1 mm,

(a) spontaneous separation of ice from a mixture of soil androst heaving hardly takes place. Instead, if the size is small
water, (b) movement of water against a force of gravity, andenough, say less than/m, ice can be grown upward from

(c) resultant production of potential energy against the grav:[he material. Figure 1 shows such an example. In this experi-

. : . .—_ment, a microporous filte¢Millipore filter, Millipore Inter-
ity. Although geveral theoretical studies of frost heavmgtech' P.O. Box 255 Bedford, MA 01830, USA, mean pore
have been carried o{i5—8], the cause of water movement is

. . . . diameter 0.05um) is used as the material. The growth pro-
still debatable. In this paper, we shall not go into the deta|lsCess has bee5rL1Lin)vestigated in an earlier publica[%deerg

of the problems; e.g., soil properties, surface interactions ¢pq 14 he noted that water is kept in a supercooled state
thermomolecular pressure, etc. Instead, a few fundamentaince jce does not propagate through the pores of the filter.
features of frost heaving will be described in Sec. Il. Then inynqer this state, the water is driven through the filter, freezes
Sec. Il we shall see how this phenomenon can be explaineg the ice bottom, and thus the ice grows upwéFiy. 1).
by the second law of thermodynamics. It will be shown thatjacksonet al. [5,13] presented a theoretical explanation for
Newton’s second law of dynamics is not applicable to a systhe nonpropagation of ice into the pore capillaries. They ex-
tem that is kept far from its thermodynamic equilibrium. In plained lowering of the freezing temperature of the ice in the
the nonequilibrium system, matter can advance to recovetapillaries by the Gibbs-Thomson effect. According to the
the equilibrium even though a force applied on the matter iSGibbs-Thomson effect, maximum supercooling maintained
in the opposite direction. The result is generalized, and &y pores with a diameter of 0.Qam is 2 K (cf. [9]); it means
simple thermodynamic proposition is presented so as to adee cannot propagate through the pores if the ambient tem-
count for spontaneous emergence of dynamic motions iperature is higher than 271.15 (-2 °C).
nonequilibrium systems. Some of the examples, e.g., Carnot An important fact relevant to the frost heaving is the ex-
engine, Beard thermal convection, and global circulation of istence of a thin water layer between ice and a solid surface
at temperatures below the normal freezing point. Faraday
first suggested the possibility of a water layer on the ice
*Present address: Nagaoka Institute of Snow and Ice Studies, Naurface in order to explain several mechanical properties of
tional Research Institute for Earth Science and Disaster Preventioige, such as regelatiofi4]. The existence of such a water
Suyoshi, Nagaoka 940, Japan. Electronic  addresstayer was observed under an optical microscope at a contact
ozawa@nagaoka.bosai.go.jp area between ice and a glass plate at temperatures as low as

II. FROST HEAVING
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FIG. 2. Schematic illustration of frost heaving. Ice and water are
partitioned by a microporous material that is permeable to water. A
thin water layer is existing between the ice bottom and the material
surface and freezing takes place at the upper surface of the layer.
Water pressure at just below the materigl,) is lower than the
standard atmospheric pressure, whereas pressure at the water layer
(p;y) is higher than the atmospheric pressure. Thys<p;. The
water is nevertheless drawn into the water layer against the pressure
increase P;—py), if it is kept in a certain supercooleghonequi-
librium) state. Consequently gravitational potential energy is spon-
taneously produced.

In fact, water flows if it is kept in a certain supercooled state
(see Fig. 1L Water flows into the layer, freezes at the ice
bottom, and thus the ice is pushed upward. This is the fun-
damental feature of frost heaving. This could be a paradox if
one tried to work with Newton’s second law of dynamics.
There is no reason in Newton’s dynamics for a mass to move
againstan external force(Strictly speaking, the force con-
sists of a pressure term and a gravity force applied to a mass
of a liquid parcel under consideration. The direction of both
: |||||‘”” PSS forces isoppositeto the direction of the water movement.
‘ Some attempts assumingeductionof water pressure at the
water layer, which could explain a water flow into the layer
) ] (e.g.,[16]), could not explain the mechanical balance at the
FIG. 1. Successive photographs of the ice growth on a misyater |ayer; i.e., the water layer should havaigher pres-
croporous flltgr(Mllllpore filter, pore diameter 0.0%m); (a) seed- sure to support the icésee Fig. 2 Neither Newton's laws
lZ?nOf 'CT partucleso(bs)+30h1, ?gd(c) 5 h after the seeding. The room - \javier-Stokes' equations for fluid dynamics can account
perature was-9.o=9.% % for the water movement during frost heaving. This has been
a center of debates on the matter of frost heaving.
—30 °C[15]. Kuroda[7] presented a thermodynamic expla-  If there were only Newton’s laws, there could never have
nation for the existence of the water layer and discussetieen any motion in the Earth. Newton himself was aware of
kinetic process at the water layer. A review on this subjecthe problem. By reason of viscosity of fluids and friction in
was recently published by Dast al. [16]. their parts, motion is much more apt to be lost than gotten,
The most important feature of frost heaving is shown inand is always upon the decgy. 398[17]). He suspected an
Fig. 2, i.e., water movesgainsta pressure increase, and active principle by which bodies can be driven into motion,
gravitational potential energy is spontaneously produced. Aget he did not specify i(p. 402[17]). We shall in due course
shown in Fig. 2, the water level in the right-hand side of thepresent amctiveprinciple by which frost heaving, as well as
U-shaped tube is set lower than the level of the porous masthers, can be driven into motion.
terial (e.g., a filtey. Thus, owing to the hydrostatic balance in  So far several experimental studies have been carried out
the gravity field, the water pressure at the bottom of the filterto find the maximum pressure produced by frost heaving.
Pw, IS less than the standard atmospheric pressuyrep,, Radd and Oertld18] carried out freezing experiments of
<pas- On the other hand, pressure at the bottom of the icesoils under different loads on ice. They found a relation be-
pi, is a sum of ice weight and an extra weidiftloaded tween the maximum overburden pressure on (pg-pa,
divided by the area of the ice bottom plus the atmospheric=0 to 17 MPa and degree of supercooling at the freezing
pressure. Thup;>p,. Because of the mechanical balance atfront at a static state at which the heaving is suppressed.
the ice bottom, pressure of the water layer has tpheSo  Biermanset al.[10] did a simple experiment such as Fig. 2,
water has to flovagainstan increase in pressurp;-p,,) as  using a glass filter as the material. The experimental vessel
indicated with a dashed line in a pressure diagram in Fig. 2was immersed in a liquid bath which was held at a constant
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duced, andc) an empirical relation Eq) is found to exist
under the metastable-static state.

Ill. A THERMODYNAMIC PROPOSITION

We shall here consider a proposition that matter in a sys-
tem kept in a thermodynamically nonequilibrium state can
move in a direction opposite to a force applied to the matter
if the movement produces an increment of entropy in a
whole system consisting of the system and local surround-
ings that interact directly with the system. The movement
against the force results in production of potential energy,
which is ready to be converted into kinetic energy. The
proposition can, therefore, be seen asaative principle by
which spontaneous emergence of dynamic motions in non-

FIG. 3. A heaving mountain, called pingo, in Mackenzie delta in equilibrium systems may be explained. We shall examine the
the Canadian Arctiq69.40° N, 133.08° W The height of the proposition with respect to frost heaving.
mountain is 50 m, and the basal diameter is 300 m. The photograph
was taken from an airplane in March 1989.

A. Entropy change during frost heaving

temperature below the freezing point, thereby keeping itin a L&t us consider a whole system that consists of a system,
supercooled state. In their experiment, water side pressut8 Which an ice column is grown upward and potential en-
was set lower than the atmospheric presspre-p,=0 to  €rgy may be extracted, a_nd_of a surrounding thermal reser-
—80 kP3, and a relation was found between the negative/Cll; whose temperature is isothermally cor?trol!edTg(T
water pressure and the degree of supercooling at the statfc Te)- Although it is not a general case, this situation has
state. We shall refer to this static state as a metastable-stafg¢en realized in some experimefs10], and is suitable for
state, since the water phase is kept in a supercooled state, i.84r simple consideration. Let us the.n c0n3|d§zr that a certain
thermodynamically metastabléonequilibrium. The two small amount of water moleculegp, is drawn into the wa-

aforementioned results can be summarized into a single rder layer and captured at the surface of ice lattice. Since the
lation for the metastable-static state: water movement against a pressure increase results in pro-

duction of potential energy, a part of the latent energy re-
T leased by the recovery of molecular bonds may be converted
AT = — (ApPvi—APyiw), (1)  into the potential energydE. The rest of the energy will
L change into heatyQ, i.e., random thermal motion of mol-
ecules. Then the conservation law for enefilpe first law of
whereAT = Te— T is the degree of supercooling at the thermodynamigsshould hold as
freezing front at the metastable-static stafig,is the phase
equilibrium temperature of ice and waté273.15 K under Ldn=6E+5Q. v
the standard atmospheric pressysg= 101.3 kPa1 atm),
L is the latent heat of fusion of ice per moleculg,is the
molecular volume of icey,, is the molecular volume of wa-
ter, Ap;=p;— p, andAp,=p,— P, are pressures of ice and energy. . L
water measured against the standard atmospheric pressure, h‘Thef ehntro_pyhchange in the Lvho!e shyst?]m IS Iglven by."f‘
the supercoolind\T is greater thalA T, and is less than the Sum of that in the system and that in the thermal reservoir.
maximum (_jegree malntalned_ by the pores, then frgezmg and d Swnole= A Seyst dSes, 3
heaving will take place. This equation has an important
meaning for civil engineers and geologists in cold climatewheredSynoe dSsys anddSesare the entropy change of the
regions. According to Eq(1), one degree of supercooling whole system, that of the system, and that of the thermal
could heave a weight of 11 kg on a ground of 1°def., e.g.,  reservoir, respectively. Entropy of the system will decrease
[18]). This is a source of motive power for dynamics in the owing to the ordering process of water molecules at the ice
cold regions. It is so powerful that rocks, buildings, and eversurface. The entropy decrease due to the ordering process is,
mountains can be heaved (gee Fig. 3 The fundamental in principle, independent of the temperature. The amount of
feature of frost heaving is shown in Fig. 2. It is easy to stopthe entropy decrease is thus approximated by that at the
the heave. If a large hole is made in the porous material, ophase equilibrium temperature as
the soils are replaced with a coarser material such as sand,
}‘?eeenz:'/s,a\tnﬁ'[h%i? dnoei\rger be kept in a supercooled state and it dS,= - S, dn=— L dn, @
g any work. The fundamental features of Y Te

frost heaving can be summarized (@s when water and ice
are partitioned by a microporous material, water can be kepwhereS,,=L/T, is entropy of melting of ice per molecule.
in a supercooled statéh) the water is then driven through The heatingdQ at the freezing interface results in a rise in
the material toward the ice bottom against an applied forcetemperature around the interface, and the resultant tempera-
and potential energy against the force is spontaneously prdure gradient causes heat conduction from the interface to the

Equation(2) means that a part of the latent hdatternal
energy of the supercooled water is converted into potential
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thermal reservoir. When we consider a steady state, the heat n
released at the interface is completely drained into the reser- dSwnole=| 5~ (Apivi=Apww) [ 7—=0. (8
voir. The entropy increase of the system due to the heating is €

then negligible, whereas that of the thermal reservoir is giveRrpe proposition(8) states that frost heaving should proceed

by the heating divided by its temperature as (dn>0) when the sum in the curly parentheses is a positive
value, in other words, when the supercooling is larger than

dSec= @ 5) the empirical degree at the metastable-static dthfei.e.,

e T AT>ATs. On the contrary, meltingdn<0) should take

place whemMT<<AT . The static statedn=0) is expected
By substituting Eqs(4) and (5) into Eqg. (3), and elimi- when AT=AT,. The thermodynamic propositiof8) is

nating 6Q using Eq.(2), we get thus consistent with the experimental res(i€] and[18]).
It is concluded that the water movement during frost heaving
LAT SE is caused not by a mechanidalce but by a requirement of
dSthe:ﬁ dn——, (6)  the second law of thermodynamics, i.e., a tendency to in-

crease entropy in the whole system which has been kept in a

whereAT=T,—T is the supercooling of the thermal reser- thermodynamically nonequilibrium state.

voir. The first term represents an increment of entropy due to
the freezing of the supercooled water, and the second term IV. DISCUSSION

rgpresents a reduction of entropy dug to extraction of poten- |, general, phase change in a nonequilibrium sysem,

tial energy from the latent heat. The first term corresponds t@.ee,ing of supercooled liquidis an irreversible process
a decrease of Gibbs free ener@y chemical potentialdue  yho,9h which a certain amount of entropy is produced in a
to freezing of supercooled Ilqu_ld. The frge energy is relate hole system connected with the systéthe first term in

to entropy of a whole system in a specific condition of con-gq, ()] "By making a link to this intrinsically irreversible

ﬁ?ocess, potential energy can be extracted from internal en-
ergy (hea) even though this extraction reduces a certain
amount of entropy in the whole systdiie second term in
Eq. (6)]. Let dS;, denote an increment of entropy in a
B. Potential energy produced by frost heaving whole system by an irreversible process of this kind. Then

Let us evaluate the amount of potential energy produced'® Proposition(6) is rewritten in a general form, viz.,
by frost heaving. There are two relevant processes. First, the SE
water moleculesin move from the zone with low pressure dSuhole=dSirey— — =0, (9)
(pyw) to the water layer with high pressure;] against the T
pressure differencésee Fig. 2 The resultant production of ) ) )
potential energy is the pressure differenge~p,,) times Whe_reE is a total amount of energy available for dynam!c
their volume @,dn). Therefore SE;=(p;—py)vydn motions(i.e., potential energy, kinetic energy, work, electric
=(Api—Ap,)v,dn. Second, the water molecules in the €N€rgy, eto..except for the internal energy such as heat. The
water layer should expand their volume by freezing for alntrlnsmally |rre_verS|bIe process can be a heat flow from hot
certain amount,;— v,,)dn, against the overburden pressureto cold, diffusion of molecules from dense to sparse, or

Ap; . The production of potential energy by this expansion isPhaseé change in a nonequilibrium system. It is our usual
8E,=Ap;(v;—v,)dn. Thus the total amount of potential experience that the dynamic forms of energy tend to dissi-

energy produced by the movement and the freezing is pate into heat by viscosity of fluids, by friction of material
surfaces, or by imperfect elasticity of solids. The dissipation

SE=6E,+ SE,=(Apjvi— Apyvy)dn. (7)  of the dynamic forms of energy is, by itself, a spontaneous
change since a certain amount of entropydE/T>0) is
One may suspect a contribution to the potential energy bproduc_ed. The dynam|c_rr_10t|ons thus come to rest. However,
the upward movement of the water mass against gravityaccording to the propositiof9), we can expect spontaneous
This contribution has already been taken into account by thémergence of a dynamic motiod&>0), if the motion is
lowness of the water pressurag,,<0) so long as the pres- linked to an intrinsically irreversible process of higher en-
sure is measured at just below the freezing fisee Fig. 2 tropy production @Sye,>SE/T). The proposition(9) is
With increasing overburdefice) pressure and decreasing thus seen as aactiveprinciple by which spontaneous emer-

water pressure, the potential energy produced by frost hea@ence of dynamic motions can be accounted for.
ing will increase. A typical example which produces dynamic forms of en-

ergy from heat is a steam engine discussed by Cdtfijt
The steam engine is operated with a hot thermal reservoir
and a cold thermal reservoir. A heat flo#@) from the hot
The thermodynamic proposition considered here is thateservoir {T,) to the cold reservoir ;) is an intrinsically
water movement against an external force can take pladereversible process by which a certain amount of entropy is
provided that the movement produces an increment of erproduced. The amount is given by a sum of that gained by
tropy in the whole system. By substituting E@) into Eq.  the cold reservoir and that lost from the hot reservoir, such
(6), the proposition is rewritten in the form as,

energy in this paper since the pressure conditiéig. 2) is
far from uniform.

C. The cause of frost heaving
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5Q 8Q T,—-T. of the Earth’s atmospheréhe general circulationis also
dSve=7 — 7 = 7.7 (100 regulated at a state of maximum rate of entropy increase
¢ h hie through convective energy transport from the Earth’s surface
SinceT,>T., dSye,>0. Then according to the proposition t0 outer spacg26]. The general circulation of the atmo-
(9), a certain amount of enerdyE) in a dynamic forme.g.,  SPhere is a major source for dynamic motions in the present

work) can be extracted from a thermal reserval)( By  Earth; e.g., winds, cyclones, rainfalls, river streams, ocean

substituting Eq(10) into Eq. (9), we get currents, etc. The energy supply to the Earth’s surface is
currently maintained by shortwave radiation from the hot sun

T,—T. S6E (5770 K). It is therefore reasonable to say that the dynamic

dSNhoIe:ﬁ 6Q- ?20- 1D phenomena in the present Earth are, in general, maintained

by the tendency to increase entropy in the universe which
If the energy conversion is made from the hot reservoir, themas been kept in a large thermal nonequilibrium state.
T=Ty. The efficiency of a steam engine is defined as a ratio
of the converted energy to the total heat flow from the hot
reservoir: 7=J0E/(6Q+ SE). By substituting the relation V. CONCLUDING REMARKS
(11, we gety=<(T,—T.)/T,; that is what is called maxi-
mum efficiency found by Carndtl9]. If the extraction is
made from the cold reservoir, thdn=T,, and the efficiency
is ' =6E/5Q. Then using the relatiofl1), again we get

In this paper, we have discussed the mechanism of frost
heaving which has not been explained by Newton’'s laws of
dynamics. It appears that the water movement during frost
heaving is caused not by a mechanical force but by a ther-

the same maximum efficiencyy’ <(Th—Tc)/Ty . Since the modynamic tendency to increase entropy in a whole system
proposition(11) does not depend on the place of the ENET9Y vhich has been kept in a supercoolednequilibrium state.

extraction, it seems to be a general expression for the opera; ; - : :
tion of an engine. It is explicitly shown in Eq11) that the Fhe result obtained from this case study is generalized, and a

roduction of dvnamic forms of enerav is possible alon thermodynamic proposition is proposed so as to account for
p Y gy 1S p 9 8he occurrence of dynamic phenomena in thermodynamically
heat flow from hot to cold.

. ilibri . ine h | -
It seems to the present author that another typical examp%onequ' ibrium systems. Carnot engine nBed thermal con

of dynamic phenomena in nonequilibrium systems is therma, ection, and glo_bal convection (-)f the Eart_h's atmosph_ere are
ot . P hown to be akin to frost heaving of an ice column in this

convection investigated by Bard[20]. Although numbers

. o . : ; respect.
of investigations have been carried out on this subject, we
have no solid physical theory that is capable of expressing
the complete process of thermal convectiery.,[21]). The
difficulties may be related to nonlinearity of dynamic equa-
tions and the resultant complexity of the solut{@2]. Apart This work was carried out during the author’s stay at the
from the complex behaviors of the dynamic equationdicFe Eidgensische Technische Hochschul&igh. He wishes to
[23] and Sawadd?24] suggested that the state of thermal express his gratitude to Professor A. Ohmura for his percep-
convection is stabilized at a state with a maximum rate otive encouragement throughout this work, and to the Canon
entropy increase through convective heat transport from &oundation in Europe and the Japan Society for Promotion
hot reservoir to a cold reservoir. The stabilization at theof Science for financial support. Acknowledgment is also
maximum rate of entropy increase has been confirmed bgiven to Professor Emeritus S. Kinosita of Hokkaido Univer-
numerical simulation of Beard-type convectiore.g.,[25]). sity for his guidance on the early stage of the experiments; to
Further investigation is needed to verify the thermodynamiche late Professor Toshio Kuroda of Hokkaido University for
proposition for the evolution of thermal convection in rela- stimulating the author’s interest in thermodynamics of frost
tion to the change of a mode of kinetic motions of the fluid. heaving; and to Dr. K. Goto-Azuma of Nagaoka Institute of
Here it should be noted that global scale thermal convectiosnow and Ice Studies for encouragement.
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