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This paper reports on the author's continued research on soil 
moisture migration in freezing soil systems. Previous papers 
pertained to the soil freezing experiment, effective soil mois
ture transfer mechanisms upon freezing, and the amount of 
soil moisture transferred upon freezing as a function of soil 
porosity. In this paper, besides the amount of soil moisture 
transferred, the transmissibility of the experimental soil to 
water, the induced streaming potentials upon freezing, the 
ratio of thermal conductivity of the frozen soil to that of the 
unfrozen experimental soil, and the frost penetration depth in 
the experimental soil are reported as functions of porosity of 
the soil. The graphical presentation of these factors as a 
function of porosity bears out vividly the qualitative relation
ships between the factors mentioned and porosity of the ex
perimental soil. 

•BECAUSE of the many unknown and obscure factors involved in the behavior of a 
freezing soil system, particularly concerning the amount of soil moisture transferred 
as a function of soil porosity, the author studied such systems experimentally. This 
means that the systems were studied in their entirety, and their performance was eval
uated by the total end result of the system as a whole between the entrance and the exit 
of the freezing soil system (!, ~) . 

MATERIALS AND METHODS 

Soil 

The soil type used in these freezing experiments is a frost-prone silty glacial out
wash soil, called Dunellen soil. The experimental soil contains the following basic 
fractions: 

gravel 

sand 

silt and clay 

> 1.00 mm 

1. 00 mm-0. 05 mm 

< 0.05 mm 

8% 

78% 

14% 

This soil was used to prepare test specimens for a porosity range from n = 27. 8 per
cent ton= 47.8 percent (tests B-4, B-5, B-6, B-7 and B-9-see Fig. 1). The size 
of the cylindrically shaped soil specimens was 15. 24 cm in diameter and 30. 48 cm 
high (5553 cm3>. 
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Figure l. Amount of soil moisture transferred upon freezing as a function of porosity of soil. 
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Equipment 

The freezing equipment and instrumentation used in these experiments are the same 
as described in earlier papers (.!_, ~. -~:. ~. ]). 

Principle of Experiments 

The soil freezing systems were studied as an organic entity, that is, the freezing 
experiments were so arranged as to simulate nature as closely as possible. There 
was a provision for groundwater as a source of water supply for the freezing soil 
system, and the laterally insulated soil specimens were frozen from the top down. 
The temperature of the groundwater was kept on the average at +8 C. 

The duration of each freezing experiment was 168 hours (7 days). All experiments 
were performed under identical laboratory conditions, thus facilitating comparison of 
experimental data. 

EXPERIMENTAL RESULTS 
Data Recorded 

Immediately after the commencement of freezing, the supply of groundwater con
sumed by the freezing soil system from a burette during freezing was recorded, tem
peratures within the soil system at various levels were measured, and induced sec

ondary electrical potential differences and 
the amount of heat transferred from 
groundwater to the cold front and the co -
efficient of the system's transmissibility 

__ to water were determined. In addition, 

Figure 2. Ice layers, soi I freezing 
experiment B-9. 

the frost penetration depth was measured 
at the end of the freezing experiment. 

Presentation of Results 

The experimental data arc shown in 
Figure 1, which indicates the amount of 
moisture transferred upon freezing as a 
function of the initially prepared porosity, 
n, of the soil. The following can also be 
seen from the figure: 

1. The quantity of soil moisture trans
ferred from groundwater to the cold front 
upon freezing as a consequence of a freez
ing temperature gradient extel'naliy ap
plied to the soil system is a function of 
porosity of the soil. 

2. Depending upon the magnitude of 
the porosity of the soil, moisture may be 
transferred upward from the groundwater 
to the cold front by way of various mois
ture transfer mechanisms. 

3. The effective soil moisture trans
fer mechanism is by way of the water 
film flow (unsaturated flow) within the 
porosity range between about n = 27. 8 
percent and n = 47. 8 percent (soil parti
cles in contact). 

4. Between porosities of about n = 60 
percent and n == 100 percent vapor trans
fer is a relatively ineffective soil mois
ture transfer mechanism; that is, soil 
moisture transfer in the film phase takes 
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place virtually unaccompanied by vapor 
diffusion (here n = 100 percent means an 
empty cylinder). 

5. For the experimental soil used in 
these studies the maximum amount of soil 
moisture transfer from groundwater into 
the soil system takes place- at about n = 42 
percent porosity. 

6. The soil moisture transfer graph Q 
also indicates that the amounts of water 
transferred in the film phase (up to ap
proximately n = 47. 8 percent porosity) 
are about five times greater than by way 
of pure vapor diffusion (from n = 60 per
cent to n = 100 percent). 

7. The induced electromotive force 
(EMF) values (m;u:ked in the figure as 
streaming potential) reported here in 
millivolts appear to i·eflect the form of 
the parent soil moisture transfer curve Q. 

Figure 3. Porous ice structure below the 8. Tbe maximum magnitude of devel-
frozen surface. oped streaming potential (EMF) in the 

freezing soil system studied, as seen in 
Figure 1, can be scaled off as being 350 
millivolts at about 41 percent porosity. 

9. The frost penetration depth curve, ~. as a function of porosity, n, justifies 
the statements that (a) the maximum frost penetration depth, ~. occurs at the same 
porosity, n, as the porosity at which the maximum amount of soil moisture, Q, is 
transferred; and (b) it occurs at the same porosity at which the maximum magnitude 

Figure 4. Ice crystals formed on the underside of the Plexiglas cover. 
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of induced streaming potential occurs. There appears to be no time lag among these 
three phenomena. 

10. The coexistence of both the vapor transfer mechanism and the water film mech
anism does not necessarily give rise to greater soil moisture transfer. Apparently 
the size of the voids (from n = 47. 8 percent to n = 60 percent) is not large enough to 
permit effective vapor transfer, and at the same time too large to permit effective 
water-film transfer. 

Figure 2 shows a photograph of the B-9 soil specimen after freezing. Note the 
zone of ice layers near the lower frost boundary. The process of ice banding is de
scribed elsewhere (2_, .§_). 

Figures 3 and 4 show ice (snow) fo1•mation within the experimental cylinder as a 
result of vapor dilfusion upon freezing at a porosity of n == 100 percent. Note the very 
porous structure of the ice. 

DISCUSSION 

It is well to remembe1· that Darcy's law of permeability to water (in bulk) is not 
valid for colloidal soil systems suc'h as clay and clayey silt. In colloidal soil systems 
the transmissibility of such soils to water is not governed by gravity flow (gravity 
potential), but rather by other kinds of potentials such as electrical (in the phenomenon 
of electro-osmosis) or thermal (in the phenomenon of thermo-osmosis) potential, 
whichever is the case. 

Also, because there is always some air and/or gas present in the soil, the soil 
moisture translocation from higher energy potentials to lower ones may be character
ized as being an unsaturated (water film) flow rather than saturated flow of free bulk 
water. Air in the voids of a soil can also become liberated from soil water upon 
changes in its tempe1·ature. 

Relative to the induced electrical potential (streaming potential) in a freezing soil 
system, this phenomenon may be satisfactorily explained by means of the Helmholtz
Gouy-Chapman-Stern electric diffuse double-layer theory (b ~. ~. 1)· In essence, 
this theory says that the upward-flowing moisture through a porous medium (colloidal 
soil) drags with it the cations (positive charges) which occur in the moving water near 
the walls of the solid soil particles. It is to be remembered that the negative charges 
reside on the surfaces of the solid particles. The occupation of the surfaces of soil 
colloidal particles by the excess negative charges brings about an electrical field with 
a relatively large negative electric potential, called the zeta potential, which attracts 
the positive ions (cations) if water is at rest. Upon thermal agitation (under the in
fluence of a thermal potential as a driving force), however, the positive ions are 
dragged upward by the upward-moving water. When the water stops moving, the posi
tive charges in the diffuse layer are mutually attracted by the negative charges. Thus 
the charges become neutralized. 

As corroborated by the author's soil freezing experiments and soil moisture migra
tion studies in freezing soil systems, it is possible to measure the induced electrical 
potential differences (streaming potential) in the zone of the unfrozen part of the freez
ing soil system where an upward motion of soil moisture takes place (Fig. 1). 

With regard to the upward drag of cations by the upward-migrating soil moisture 
films in a thermo-osmotic process such as soil freezing, one may ask (a) what happen: 
to the upward-migratin~ cations, where do they collect, or is there a closed circuit 
formed for the cations (in that they would return to the groundwater level via the bulk 
water), and (b) why can no induced electric potential diffe1·ence be measured between 
points in the frozen zone and the unfrozen zone? 

The answers to these questions may be sought in the nature of the electrokinetics 
of the moisture migrating through a porous, colloidal system. The streaming or in
duced electrical potential in a porous medium occurs only when there takes place a 
flow of water through the porous medium, such as a colloidal system of c1ay and clayE 
silt, for example (~ 7). In the vertical soil systems studied, the moisture flow thrm 
the freezing soil system Js upward, i.e., the moisture flow takes place in the directic 
of the thermal gradient (heat is the motive power). At the cold front (lower frost 
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~enetration boundary) the upward-flowing water chills and is converted into ice crystals 
(a change in phase of aggregation of water from the liquid into the solid state). Hence, 
the velocity of the upward-flowing soil moisture decreases to zero at the cold front. 
At this point the water films are no longer in motion; hence there is no longer a stream
ing potential measurable because the positive charges (cations) in the diffuse part of 
the electric diffuse double layer neutralize themselves if there is no motion of water 
through the porous medium. The explanation of neutrnlization may be based on the as
sumption that the total number of negative charges is equal to the total number of posi
tive charges. Since, in the frozen zone, water is in a solid state of aggregation (no 
water in motion), there are no free cations available, because they are neutralized by 
the negative charges. Motion of water means thermal agitation, and hence dish'ibu
tion of positive and negative charges. 

At this point, however, considering the possibility of undercooling of soil water, 
there may be some unfrozen water in the frozen zone of the soil (dependent on the 
temperature of the lowering of the freezing point>. However, this unfrozen water in 
the frozen zone is very dense, strongly attracted to the soil particles, and therefore 
difficult to set in motion along a dropping temperature gradient because the heat en -
ergy (motive power) in the frozen zone is very small for the purpose of shearing this 
dense water film. Because of the change in phase of water in the frozen zone from 
liquid to solid (ice), there is no motion of water films, hence no free cations present. 

The measurements made in the auther's experimental studies comprehend the total 
effects of soil moisture transfer caused by all possibly and simultaneously acting en
ergy potentials. This corresponds to the natural processes as they occur in the field 
under freezing conditions: the freezing thermal gradient (externally applied to the soil 
system) induces within the soil during the freezing process an upward flow of moisture. 

The foregoing discussion on the theory of water film transport mechanism for soil 
moisture translocation upon freezing shows that the property of a colloidal soil particle 
of carrying on its surface an electrical charge (-), and the functioning of soil moisture 
films surrounding the soil particles as an electrolyte, are of basic significance in the 
process of the translocation of soil moisture in the film phase set in motion by an ex
ternal, primary thermal potential-freezing. 

CONCLUSION 

All in all, these studies, which pertain to unsaturated upward moisture migration in 
a freezing soil system, permitted: 

1. The formulation of various soil moisture h'ansfer mechanisms (2, 3, 4, 7) and 
verification of the intervals of their existence as a function of soil porosity (Fig-;- 1), 
and 

2. The establishment of the concept of a soil freezing system theoretically and ex
perimentally as a thermal system, thus strengthening one of the highway and foundation 
engineering disciplines, namely, thermal soil mechanics. 

Because the unknown and obscured factors and their associated processes in a freez
ing soil, which are of an intricate nature, are still many in number, this continuously 
challenges us to devote more studies on freezing soil systems than before and justifies 
our efforts in pursuing frost action research in soils. 
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