
Mechanism of Moisture Equilibrium and 
Migration in Soils 
B. V. DERJAGUIN 1 and N.K. MELNIKOVA, 
Institute of Physical Chemistry, Moscow, USSR 

Introductory Remarks by the Chairman 

In dealing with phenomena of marked complexity, the temptation 
is great and ever present either to give up on theory and trust only 
observational evidence or to distrust the evidence of our senses and 
become armchair theorists. It is difficult to hold to the middle 
course and to cultivate in equal measure both experiment and theory. 
We should be grateful to those that can do this, but too often their 
only reward seems to be that they serve as favorite targets to the 
extremists on both sides, the pure empiricists and the pure theorists. 
However, their path is that of the truly great and sincere explorer 
of the unknown. Dr. Derjaguin and Mrs. Melnikova are such intrepid 
explorers and we are grateful for their valuable contribution to this 
symposium. In this paper, the authors examine the physical causes 
underlying observed phenomena of moisture equilibrium and migra
tion in soils. They point out and prove the importance of geometri
cal and structural characteristics of the soil pores and of the water 
films in natural soil systems, and by recognizing in the water films 
such cohesive properties as may logically be expected from knowledge 
of the properties of the water substance and its interaction with dif
ferent types of surfaces, they arrive at very plausible pictures on 
how and why water moves in soil under various potentials. 

e THE CONDITIONS of moisture equilibrium in soils and the causes leading to its dis
turbance and giving rise to moisture "flows" in soils are among the most interesting 
questions of soil science from both a theoretical and a practical standpoint. Construc
tors and road builders are well acquainted with the frequently unexpected local accu
mulations of moisture in the soil which result in pavement swelling, in the destruction 
of foundations, in settling, and in other sometimes disastrous phenomena. 

Questions of moisture migration through soils have been the subject of numerous 
and diverse studies. Attempts have been made repeatedly to estimate quantitatively 
and to forecast the migration of moisture through the soil. However, most of these 
studies were based on phenomenological (for instance, hydrodynamic) treatment (1) 
which passes over elucidation of the physical picture and the mechanism of moisture 
equilibrium and migration in soils. 

The physical causes underlying these phenomena were examined in an effort to find 
a geometrical characteristic of soils which would enable quantitative estimation of the 
flow of moisture in the soil. The use of a cylindrical capillary model for this purpose 
is fairly out of the question, as such models do not by any means correspond to the 
true structure of soils and therefore do not give positive results. 

Under natural conditions, one of the characteristic features of the water-soil-air 
system, due to the dispersion of the solid phase, is the distribution of the moisture be
tween the relatively large volumes of ordinary bulk liquid water and the thin aqueous 
films. The latter possess specific physical-chemical properties, including a reduced 
capacity for dissolving substances, elevated viscosity, anomalous freezing tempera
ture, and presence of a disjoining pressure. 

The disjoining pressure of thin liquid layers, a result of the action of molecular 
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surface forces in the thin layer, was discovered more than 20 years ago (2). It mani
fests itself upon attempts to thin a layer of water bounded by two phase interfaces; say, 
two solid surfaces, or a solid surface and air (in the case of a wetting film). Such a 
thinning could be counteracted by the viscosity of the liquid, the influence of which in
creases as the film grows thinner in the same way as the resistance to flow of a liquid 
through a capillary tube grows with decreasing radius of the latter. However, the in
fluence of viscosity can be excluded by stopping the thinning of the liquid layer; this 
makes it possible to study the forces needed to keep the attained layer thickness from 
changing. It was found that to secure such an equilibrium, characterized by invari
ability of the thickness of the liquid layer, a certain pressure, differing from the pres
sure in the bulk liquid phase of which the thin layer was formed, must be applied. 
This excess pressure, which is a function of the film thickness, was termed "disjoin
ing" pressure. 

The disjoining pressure equals the pressure, P, exerted (in addition to the "normal" 
hydrostatic pressure in the layer) by a liquid layer in a condition of equilibrium, on 
the bodies bounding it, tending to move them apart and thicken the liquid interlayer 
separating them. 

Here is a thermodynamic equilibrium which is due to the action of surface forces 
depending on the layer thickness; that is, on the distance between the phase surfaces 
limiting it. The mechanical properties of thin liquid layers-viscosity, plasticity, etc. 
-have no direct relation to the existence or to the magnitude of the disjoining pressure. 

An important question is that of the nature of the forces of disjoining pressure. Its 
most important and commonest component, almost always manifest in such liquids as 
water, which contain ions, are the forces of repulsion arising from the overlapping of 
the ionic atmospheres forming in the thin layers on its two phase interfaces. When 
the thin layer is enclosed between two surfaces of identical nature, they both bear a 
double ion layer of identical sign and structure. As the layer grows thinner the periph
eral' parts of the ionic layers begin to overlap, giving rise to forces of electrical re
pulsion. A method of calculating these forces was developed 20 years ago (3). 

The disjoining pressure between two solid bodies (say, between two soil particles) 
can be expressed by the force with which the particles must be pressed against each 
other to maintain the existing equilibrium thickness of the liquid layer between them. 

In the case of a thin wetting film bounded on one side by a gaseous phase, the dis
joining pressure equals the drop between the hydrostatic pressure in the layer itself 
and the pressure in the bulk of the adjacent gaseous phase, taken with the opposite sign. 
Thus, in equilibrium the hydrostatic pressure of a thin wetting film of liquid is some
what lower than the hydrostatic pressure in the neighboring points of the bulk of the 
gaseous phase adjacent to it. This is very important for the water-soil-air system. 
The disjoining pressure balancing the jump 
of hydrostatic pressures is applied to the 
phase interface and not to the volume ele
ments of the thin layer itself. The dis
joining pressure permits explanation of 
the existence of an equilibrium between 
thin water films and contact-zone accu
mulations of water in the soil, under con
ditions of partial filling of the pores with 
water. 

MOISTURE EQUILIBRIUM IN SOILS 

When present in a quantity insufficient 
to fill all the pores, the water is distri
buted between the contact-zone necks and 
the water films connecting them, much as 
in model systems (Fig. 1). In accumula
tions of contact-zone moisture the pres
sure is lower than in the surrounding 
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Figure l. Photomicrograph of soil model 
at moment of drainage of water. 
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gaseous phase. According to the Laplace formula, this pressure drop due to capillary 
pressure is 

(1) 

in which <r is the surface tension at the water-air interface, and r1 and r2 are the main 
curvature radii of the meniscus surface. 

Nevertheless, the films do not drain under the neck menisci and can stay in equilib
rium with them indefinitely. These two facts were proved experimentally (4). 

Mechanical equilibrium between contact-zone accumulations and water films with 
identical gravitation field potentials can exist only if the pressure in the film moisture 
PF (under the condition that it obeys Pascal's law) is the same as in the neck moisture 
PM. 

For this to be so, however, the pressure drops APM and APF on passing through 
the interface from the contact-zone moisture to the gas and from the film to the gas, 
must be equal; or 

(2) 

Inasmuch as the surface of the water film has an entirely different curvature (close to 
that of the wetted surface of a soil particle), mostly even of the opposite sign (convex), 
to satisfy Eq. 2 in the presence of an equilibrium film the pressure jump on its surface 
must differ from the Laplace jump, APF', by a certain value, P. Hence, 

APF = AP'f + P (3) 

in which 
1 1 

AP'F = - <r(- + -) r'1 r'2 
(4) 

and r'1 and r'2 are the curvature radii (usually negative curvature) of the normal sec
tions of the film surface, while Pis precisely the "disjoining pressure" of the thin 
film P (h). The relation between the disjoining pressure and the pressure jump on the 
surface of a thin film was indicated by Nerpin (~) . . From Eq. 3 it follows that: 

P = P(h) = APM - AP'F (5) 

Thus, knowing the curvature of the contact-zone meniscus and of the adjoining film 
(soil particle, P (h) can be found and also h, the equilibrium thickness of the film. 
The thickness of the film as is adapts itself to the changing conditions. 

In soil science the questions of the equilibrium and migration of moisture are often 
treated with the aid of the capillary potential or moisture content potential concept, 'IT, 
related to the concept of the chemical or the moisture potential. The relation between 
P, 'I' and I'- can be examined for the part of the soil where the gaseous phase communi
cates with the atmosphere. Since in a state of equilibrium the hydrostatic pressure 
PH, not only in the necks but also in the films, obeys the law of hydrostatic pressure, 
whereas in the gaseous phase it may be considered constant and equal to the atmos
pheric pressure, Po, 

PH= Po - d g H 

in which d is the density, of the liquid-,--g is the acceleration due to gravity, and H is 
the height above the datum or "zero" level. But according to the definitions of 'IT, 11 1 

and P, 
11 + g H = Constant = 11-0 

'IT+ d g H = Constant = 'l'o = 0 
and 

P = APM - AP'F = d g M - AP'F 

From these equations it follows that 
1 l 

P = - 'IT - A P'F = - 'IT - <r (- + -) 
r'1 r'a 

(6) 
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1 1 
P = d(µ.o - µ.) - er(- - -) 

r'1 r'2 
(7) 

It can be seen that P differs from -'I' and -d µ. by a value which depends little on the 
moisture, but depends on the dispersion of the ground particles. The mean value of P 
for soil particles may be considered in the first approximation to be 

- 2cr 2 
P=-'11+- =-'11+- crS 

- 3 r' 
(8) 

in which S is the specific surface of the soil particles with a mean radius r', related 
to unit volume. 

The advantage of the P concept over the '11 concept is that the former is single
valuedly related to h, the mean thickness of the water films. 

For simplicity and convenience of examination of the conditions of equilibrium be
tween neck and film moisture, the geo
metrical relations for schematized par
ticles may be employed. This makes it 
possible to carry out calculations that 
can be compared with experimental data 
as a means of verification of theory. 

Such experimentally verified calcula
tions were carried out by Melnikova and 
Neroin (6) for model svstems of hexagonal 
packing of small unifo;m spheres. They 
showed that equilibrium existed between 
the film and the contact-zone moisture if 

p = 12 CT 

d' 

that is, if the film developed a definite 
"positive" disjoining pressure (here <r is 
the surface tension and d' is the particle 
size}. 

The limit moisture content at which 
coexistence of contact-zone, moisture 
accumulations, and films, is possible 
corresponds to the moment when the neck 
menisci close up. The air gap of the pore 
thereupon becomes round in shape. The 
soil moisture potential corresponding to 
this moment has been called (5, 6, 7) the 
"critical" moisture potential WK-:- -

If the moisture potential of the system 
increases, when 'l'K is reached the pores 
should fill up suddenly (5, 6) insofar as 
this is not impeded by entrapped air. But 
if the moisture potential decreases, a 
break in the continuity of the pore filling 
should take place in the parts of the sys
tem where 'l'K is reached. This process 
can be seen on the photomicrograph of a 
model system (Fig. 1) taken at the mo
ment of drainage of the water. Figure 1 
also shows completely filled pores, tri-
angular pores characteristic of sections Figure 2. Photomicrograph.s o:f moisture 
where 'II < 'l'K, as well as round pores distribution in sand a:fter dra.i..n.age o:f ex-
in which the neck menisci are still closed cess moisture. 
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('II = 'l'K). A similar picture is observed in natural soils. Figure 2 shows photomi
crographs of a sand layer with water draining from it. In the middle of the photograph 
three particles can be seen between which hang water necks bounding a small round 
pore. Its shape remains intact several hours after the main excess of moisture has 
drained off; then the gap suddenly acquires a triangular shape. 

The critical moisture potential concept enables calculation of the capillary rise of 
the liquid through the dispersed medium; say of water through soil. This rise should 
cease at the height where the moisture content value reaches that corresponding to 'l'K; 
that is, 

(9) 

This dependency was verified experimentally and confirmed for model systems and 
sand (7). 

The idea of the critical potential also enables estimation of the height of the water 
colume maintained in the bulk of a finely dispersed soil bedded on another soil of 
coarser mechanical composition. The height of the column of such "suspended" water 
can be determined by 

hs = - '1' 1 - 'l1 a 
gd (10) 

in which the subscripts 1 and 2 refer to the fine-pore and coarse-pore soils, respec
tively. Substituting he for '1'1 according to Eq. 9 gives 

hs =he i - he 2 
' ' 

(11) 

which holds well for model systems and sands ('.!). 

MOISTURE MIGRATION IN SOILS 

The moisture equilibrium in soils is disturbed, and the moisture goes into motion, 
when physical forces arise in the soil capable of making the water migrate. Such 
forces may be caused by the appearance of gradients of hydrostatic pressure, capillary 
pressure, disjoining pressure of aqueous films, chemical potential, and/or tempera
ture. 

Like the hydrostatic pressure gradient and gravity, mechanical forces are of pre
dominant importance in water-saturated coarse soils. They cause water filtration, in 
many soils obeying the classical Darcy law. The Cozeny-Carman formula expresses 
the proportionality factor in this law through the viscosity and specific surface of the 
particles, making it possible to calculate tlie~ filtration flow_·: · .. · 

Q = k as 4P (12) ""ii"¥ 4x 

Here Q is the bulk velocity of the flow per square centimeter of filtering layer cross
section, 11 is the viscosity of the liquid, Sis the specific surface of the particles per 

cubic centimeter of soil, 8 is the porosity, !~ is the pressure gradient, and k is a 

numerical coefficient, usually about 1/5. 
As has been shown (8), to obtain a correct idea of filtration and of the flow of mois

ture through soil in general, the outer specific , surface of the particles, ta which the 
moving water and air have access, should be introduced into the formula instead of the 
total specific surface of the soil, usually determined from the equilibrium adsorption, 
say, of nitrogen. The outer specific surface can be found by the method of rarified 
gas filtration (8, 9) or by the rate of capillary soaking (10). 

The Cozeny:-carman formula is not applicable to clayey soils. The high specific 
surface of clays makes the aqueous interlayers within the zone of the radius of action 
of the surface forces very extensive. Therefore, in clayey soils the influence of the 
specific mechanical properties of thin aqueous films is particularly pronounced. This 
influence results in a reduced rate of filtration compared with that calculated by the 
Cozeny-Carman formula and in an initial gradient. 
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The elevated viscosity of thin water layers and the existence of an initial filtration 
gradient in them were proved experimentally ( 11) for the filtration of water through 
rigid-pore ceramic and charcoal filters with pores 10-5 cm and less in diameter. The 
role of the surface forces in this effect was proved by coating the pore walls of the 
ceramic filters with a monolayer of oleic acid. This increased the coefficient of fil
tration by approximately one order of magnitude. 

The viscosity rise in thin layers may be attributed, but only partially (24), to "elec
troviscosity," which is the influence of the double ionic layers and their electrokinetic 
properties on the flow of the liquid through thin pores. The flow potential arising when 
the liquid flows through a porous system tends to cause an electroosmotic flow in a 
direction opposite to that of the initial liquid current. The resulting decrease in fil
tration rate will be considerable in gaps of the same order as the thickness of the ionic 
atmosphere; it will increase as the pore width decreases (for pores which are not too 
fine), approximately in inverse proportion to the square of the pore width. Reducing 
the thickness of the ionic atmosphere (by adding an electrolyte, for instance) decreases 
the "electroviscosity" effect and increases the rate of filtration. 

In soils not completely saturated with moisture and containing contact-zone menisci 
which are separated, or rather connected, by thin wetting films, the hydrostatic pres
sure gradient is inevitably linked with the capillary potential gradients, the latter being 
related to the moisture content (per cubic centimeter of soil) gradients by the expres
sion: 

d'l'{W) 
grad 'I' = dW grad W 

in which 'l'(W) is a function for which several methods of measurement have been de
veloped. 

Thus, to determine the moisture flow Q in this case, and therefore to determine the 
coefficient of moisture conductivity, it is necessary to establish the relation between 
Q and grad W, or -grad P. 

In the general case this is a very complex problem, because when there is a mois
ture gradient the volume and·the curvature of the contact-zone necks will be different 
in different parts of the soil, just like the dis joining pressure and the thickness of the 
films connecting the necks. The problem can be simplified, however, by examining 
the case where the films separating the menisci become so extensive that almost the 
entire drop of moisture potential and disjoining pressure occurs in them, and not in 
the contact-zone menisci, which for the most part affect only the moisture content. 
Under this assumption it can easily be proved that the bulk rate of flow of the liquid 

across· unit perimeter of the wetting film amounts to i ~ grad P, where 11 is the vis

cosity of the film moisture. At a low moisture content, when the number of contact
zone moisture accumulations is small, the total perimeter per unit area of soil cross
section will be Ya S. Hence, the flow through the soil in the direction Z will be 

h3 8P 
Q= a.STt -gz (13) 

where a. is a numerical coefficient. In the case where the thickness of the film is con
siderably smaller than that of the ionic atmospheres 

A &h B 8h 
Q = -3 a.Sh -gz - 2 a.S ll SZ {13a) 

where A and B are constants. 
In the stationary flow examined by Hallaire (12), integration gives 

3a.Aln h+ 2a.Bh= ~Q (Z- Zo) (14) 

provided the volu~e of moisture in the contact-zone accumulations can be neglected, 
-W so that h = s· 
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Ii W is sufficiently small, it can be assumed approximately that P = Ah- 3 and in
stead of Eq. 14, Eq. 13 can be transformed to 

ln P = a.\~ (Z - Zo) 

which is close to the formula found empirically by Hallaire. 
In the cases of moisture movement, the motive force (the pressure drop or gradient) 

was of a mechanical nature and, speaking of the drop in disjoining pressure, can even 
"be determined mechanically through the hydrostatic pressure jump. 

However, there are substantially different forces or factors capable of causing the 
migration of moisture through soils. These are: 

1. Electric fields or potential gradients causing migration of liquids ( electroos
mosis). 

2. Temperature gradients, which under certain conditions of moisture content may 
cause migration of the liquid at a rate proportional to the temperature gradient. The 
theory of this "thermoosmotic" slippage has been developed (13) and verified experi-
mentally (14). -

3. Solute concentration gradients; the slippage and the moisture migration (capil
lary osmosis) it causes were deduced theoretically and have been experimentally 
proved (15). 

The common factor of the mechanism of moisture migration in all three cases is 
that the origination of the flow is connected with the appearance, in the thin liquid lay
ers at the particle surfaces, of unbalanced tangential surface forces which cause a 
sort of slippage of the liquid along the surfaces of the soil particles. As a result, the 
liquid moves inside the pores as an integral whole and the entire velocity gradient is 
concentrated in a very thin layer adjacent to the wall where the surface forces are un
balanced. 

When the liquid moves under the influence of mechanical factors, on the other h!l.Jld, 
the particle surfaces only impede its movement and a characteristic Poiseuille velocity 
profile forms. 

The foregoing analogy of the mechanism of moisture transfer makes it possible to 
speak of quasiosmotic transfer phenomena (21), the more so since the term "electro
osmosis" has been used for a long time, "thermoosmosis" is a rather widely used 
term, and "capillary osmosis" seems quite rational. 

In this connection the water transfer through a water-saturated soil obeys the same 
law in all cases of quasiosmotic transfer: 

~'l' Q= EC -= ~x (15) 

where 'l1 is one of the three factors previously mentioned; namely, the electric poten
tial, the temperature, or the chemical potential of the solute. The influence of the 
pore geometry reflected in the coefficient E is the same in all three cases. The dif
ference between them is that the acting forces causing the slippage are different, which 
accounts for the different values of the proportionality factor in each case. But the 
moisture flow rate does not depend on the specific surface and does not fall off with 
decreasing pore size, as during filtration. Therefore, in finely dispersed soils the 
role of the three factors causing slippage may considerably exceed the influence of the 
mechanical forces determining the rate of filtration. 

Electroosmosis is a widely known phenomenon. Attention is called to the fact that 
it is employed for drying clayey soils by introducing electrodes and applying a direct 
current; in clayey soils the water usually moves towards the negative pole. The elec
troosmotic effect is employed also to eliminate sticking of clayey soils to construction 
and transport machines. A short passage of current gives rise to electroosmotic phe
nomena in the aqueous film on the cathode, the film acting as a lubricant along which 
the soil slips off. 

Capillary osmosis arises when the solute concentration near L'1e solid surface-at a 
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Figure 3. Apparatus for studying capillary 
osmosis. 

distance of several molecular layers
differs from the concentration in the bulk 
of the liquid. Capillary osmosis is ac
companied by a disturbance of the hydro
static equilibrium under the influence of 
the chemical potential gradient or concen-
tration gradients parallel to the solid sur
face. The result is slippage of a thin 
liquid layer along the solid wall at the 
boundary with the solid phase, this layer 
carrying the bulk phase along with it. The 
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Figure 4. Movement of meniscus in hori
zontal capillary tube during capillary os

mosis. 

linear slippage velocity, q, depends on the structure of the mobile part of the adsorp
tion layer and can be expressed by 

1 Aµ. 
q = - Co -- ~ 

11 = Al 
(16) 

in which 11 is the viscosity, Co is the molar concentration of the solution, !i is the 

chemical potential gradient along the wall, and ~ is a constant characterizing the de
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Figure 5. Movement, due to thermoosmosis, 
of air bubble in fused capillary tube 

fil.J.ed with water. 

gree of diffuseness of the mobile part of 
the adsorption layer. (In order of value, 
~ equals the square of its thickness.) 

An experimental investigation of capil
lary osmosis was made with the appara
tus shown in Figure 3. A concentration 
gradient was set up in a cylinder (H) with 
a porous membrane (F) by overturning 
vessel (B) containing the test solution and 
floating in the cylinder. Observations 
were made of the movement of the liquid 
meniscus in the capillary tube (K2) the 
rate of which was measurable ( 4). The 
upper curve of Figure 4 refers to capil
lary osmosis in a solution of ethyl alcohol; 
the lower, to a solution of acetic acid. 
The difference in direction of motion of 
the liquids, in conformance with theory, 
is due to the different nature of adsorp
tion on the glass: positive in the case of 
alcohol, negative in the case of acetic 
acid. 
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In clayey soils the rate of osmotic filtration, depending on the concentration gradi
ent, may exceed the rate of gravitational filtration manyfold, and the head due to quasi
osmotic pressure may rise as high as 20 meters (16). 

The thermoosmotic effect caused by the different heat contents in the liquid layer 
adjacent to the solid phase and in the bulk phase of the liquid, results in a flow in the 
direction of rising temperatures. The thermoosmotic flux, Q, depends on the nature 
of the liquid and the pore walls and is proportional to the total pore section area, m, 

the temperature gradient, ! 'f, and the thermoosmotic coefficient, ~, as follows: 

.dT 
Q = ~ m ~T ( 17) 

Experiments in sealed glass capillary tubes (14) revealed a picture of slow steady 
movement of the liquid towards the heated end ofthe capillary (Fig. 5). Under rela
tively high temperature gradients (about 2 or 3 C per cm) the rate of migration of the 
meniscus did not exceed 20 microns per hour. 

Under natural conditions thermoosmosis in its pure form can be observed in soils 
in two cases; namely, with very low moisture contents and upon complete fill-up of the 
pores (that is, in the absence of contact-zone moisture accumulations). However, the 
conditions necessary for a perceptible thermoosmotic effect to appear in soils occur 
comparatively rarely: at low moisture contents the flow is so insignificant that it little 
affects the moisture content of the soil, whereas continuous complete fill-up of the 
pores can last (in the absence of connections with ground waters) only for a short time. 
A characteristic feature of soils under natural conditions is distribution of the moisture 
between the contact-zone accumulations and the films. But under the influence of the 
temperature gradient the presence of a water-air interface results in another mechan
ism of moisture migration, causing its transfer towards decreasing temperatures. 

The migration of liquid moisture in soils from higher to lower temperatures has 
long been known to soil scientists, who have noticed that each soil has its own optimal 
moisture content for water tr an sf er. In very moist and very dry soils the tr an sf er is 
low. Various hypotheses have been advanced to account for the thermomigration of 
liquid moisture. 

As far back as 1915 Bouyoucos (17) published a paper on the influence of the tem
perature on the movement of water vapor and capillary moisture, in which he attribu
ted the movement of liquid moisture to changes in the soil moisture tension (the suction 
force of the soil) depending on the temperature. Smith (18), as well as Maclean and 
Gwatkin (19), held that water transfer was caused by the convection of water vapor; 
later Smith (20) gave up this point of view and attributed the transfer of liquid moisture 
to the formation of condensate ill capillary pores. Not long ago Winterkorn (21) de
veloped a theory of film flow of liquid moisture from the hot to the cold end, along the 
inner surface of a pore system, as a result of the change in the adsorption energy of the 
soil particles as a function of temperature change. Winterkorn also observed the ap
pearance of a difference of electrical potentials in the soil in the presence of a temper
ature gradient and suggested that the thermo-migration of moisture might be a specific 
case of electroosmosis. 

It is believed that even in the presence of a thermoelectromotive force the effect 
cannot be calculated only on the basis of electroosmosis equations, but requires strict 
application of the general principles of the physical kinetics and thermodynamics of 
non-equilibrium processes. This belief is shared by Winterkorn (21). Owing to the 
complexity of these calculations, they are not detailed here. -

Gurr, Marshall and Hotten (22), who studied the thermomigration of moisture and 
dissolved salts through soil in fused cylinders, came to the conclusion that the water 
evaporating from the warmer soil as steam moves towards the colder layers, where 
it condenses, raising the moisture content of the soil. As a result of the moisture 
gradient thus set up, the water flows back, now in the liquid form, carrying dissolved 
salts with it. 

In carrying out laboratory experiments in closed soil columns all the facts des
cribed in the literature were encountered. In all cases where there was a water-air 
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TABLE 1 

ACCUMULATION OF WATERa AT COLD ENDb OF SOLL 
COLUMN, DEPENDING ON MECHANICAL COMPOSITION 

AND MOISTURE CONTENT OF THE SOIL 

Heavy Loamy Sandy Loamy 

Moisture Condition of Soil 
Soil Soil 

Cale. c Obs. Cale. c Obs. 

Air - dry 0. 0017 0. 0011 0. 0011 0.0004 
MaJtimum hygroscopic 0. 0017 0. 0045 
Withering moisture content 0. 0017 0. 0071 0. 0011 0. 0031 
Moisture content of plant 

~rowth retardation 0.0017 0. 0100 0. 0011 

a In cubic centimeter per square centimeter per hour . 
b Temperature gradient 2. 5 C per cm. 
c Calculated by Fick' s diffusion law. 

Figure 6. Thermo-capillary transfer of interface in the pores, the water migrated 
water in soils. in the "cold" direction. The amount of 

water that migrated depended on the spe
cific surface, ~, (mechanical composition) of the soil and on the initial moisture content. 

It was greater in heavy soil, and increased from a moisture content equal to the maxi
mum hygroscopic to the moisture content of plant growth retardation, after which it 
again began to drop (Fig. 6). 

The accumulation of moisture at the cold end of the column caused it to flow back
wards to the hot end because of the resulting moisture gradient. 

The data obtained led to the conclusion that the migration of liquid water under the 
influence of a temperature gradient should be of much greater importance in natural 
conditions than is usually thought. Therefore, field experiments were undertaken. 
Thermo-migration of moisture may be expected in the winter season, when considerable 
temperature gradients often arise in the soil between the deeper, moister and warmer 
layers of the soil and the rapidly cooling surface. Under such conditions there should 
be a flow of liquid moisture (greater with higher temperature gradient) towards the 
surface of the soil. Observations of the winter conditions of soil moisture content by 
Rozhanskaya and Godun (22) actually revealed a considerable upflow of moisture in 
winter months. An analysis of the results of laboratory experiments and field obser
vations showed that the upflow of moisture is many times higher than the vapor trans
fer possible under experimental conditions by diffusion, with allowance for the saturat
ing vapor pressure gradient (Table 1). 

The thermo-transfer of moisture under conditions of incomplete saturation of the 
soil is believed to be caused by the surface tension gradient, as pointed out much ear
lier by Lebedev (23); such a moisture transfer can be conveniently called thermo
capillary transfei:- The temperature gradient gives rise to a surface tension gradient 
in the menisci, under the action of which the thermo-capillary migration of liquid water 
begins in the direction of higher surface tension; that is, in the direction of decreasing 
temperatures. In the case of capillary migration the unbalanced resultant due to sur
face tension and the temperature gradient, is applied to the outer surface of the film. 
The shear stress T arising therefrom is transmitted without dissipation to all the lay
ers of the wetting film as far as the surface of the solid wall, where it is balanced by 

the resistance of the latter. The stress T = ~r , constant within the film, causes a 

Figure 7. Velocity profile in liq_uid film 
during thermo-capillary transfer. 

current with a constant velocity gradient: 

Sv - Tl 
Sy - '11 

The profile of this flow is represented in 
Figure 7. The surface tension resultant 
is directed toward the cold end and has the 
value 

dcr dT 
T = dT cu 
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In accordance with the shape of the velocity profile, the thermo-capillary flow may 
be expressed by 

Q = _! Sv h2 = _1 _ _!~ h2 = _1_ d<T dT h2 {l8) 
2 Sy 211 61 211 dT ell 

in which Q is the discharge of liquid per unit perimeter and h is the film thickness. 
It can easily be shown that the average linear velocity of the water carried by the 

thermo-capillary flow towards the "cold" end is proportional to the average thickness 
of the films, and therefore to the moisture content in the soil, and is inversely pro
portional to their specific surface. 

Calculation shows that the resultant of two simultaneous moisture flows in opposite 
directions-the thermoosmotic and the thermo-capillary-may be expressed by 

W dT 
Q = W( a. -'Y 5) dl (19) 

in which a. ( = i p) and 'Y ( = j 11 ~;) are constants, · W is the moisture content, and S is 

the specific surface (outer). 
Calculation of the flow which should move towards the soil surface by substituting 

the field data of Rozhanskaya and Godun in Eq. 19 gave a value very close to that ac
tually measured in the field, as follows: 

Item 

Total flow between 
Dec. 16 and Feb. 25 

Daily flow, December 
Daily flow, January 
Daily flow, February 

Actual 

112 
2.3 
1. 5 
1. 1 

Flow (mm) 

Calculated 

102 
2.0 
1. 3 
0.8 

Thus, the film movement of moisture is capable of causing the migration of consid
erable quantities of water through the soil. This may occur even in the absence of a 
temperature gradient, if there is only a moisture content gradient, due to the disjoin
ing pressure in films of unequal thickness. If the disjoining pressure gradient is not 
balanced by the system of normal pressures in the adjoining gaseous phase, a flow will 
spring up spontaneously in the thin film without the action of outer forces except those 
of interaction with the solid phase. The liquid will flow in the direction of thinner lay-

ers if : < 0, and in the direction of thicker layers if : > 0. In the first case the 

disjoining pressure acts as a stabilizer; in the second it makes the film unstable, re
sulting in a tendency for it to divide up into thinner and thicker sections. 

If the equilibrium moisture distribution in the soil is disturbed (for instance, due to 
the appearance of a moisture gradient), the water begins to migrate at rate which, with 
open contact-zone accumulation menisci, depends on the thickness and the viscosity of 
the wetting films. In such a case, as experimental data have shown, vapor diffusion 
always plays but a minor role in the moisture transfer. 
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