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Effective Soil Moisture Transfer Mechanisms 
Upon Freezing 
A.R. JUMIKIS, Professor of Civil Engineering, Rutgers University, 
New Brunswick, N. J. 

This paper describes the results obtained from freezing 
experiments on soil systems prepared at various porosi
ties. The tensiometer theory, based on the mechanical 
principle of virtual work, underlying the subpressure 
measurement technique as applied to a freezing soil sys
tem reveals that the tensiometer measurements do not 
disclose in themselves the various soil moisture transfer 
mechanisms but indicate only the magnitude of the total 
pressure differences resulting from the simultaneous 
action of the various possible soil moisture transfer 
mechamsms in nature as well as in the laboratory. 

These experimental studies clearly demonstrate that 
the soil moisture transfer in the vapor phase upon freez
ing is relatively ineffective as compared with soil mois
ture transferred by way of the f i lm mechanism. 

• IN PERFORMING RESEARCH on soil systems subjected to freezing one cannot es
cape the observation that the amount of soil moisture transferred upward from the 
ground-water table to the cold front, all other conditions being approximately the same, 
depends very much on the state of packing of the soil; namely, its porosity. 

In the past, several authors (jL, 2) have expressed the opinion, or showed by calcu
lations (3), that soil moisture transfer in the vapor phase is an ineffective soil mois
ture transfer mechanism. In 1956, the author submitted to the Engineering Research 
Advisory Committee at Rutgers University College of Engineering, a frost action re
search memorandum, wherein the various upward soil moisture transfer mechanisms 
were formulated (4, 5, 6). 
Tensiometer 

Under the influence of a temperature gradient the soil moisture flows upward from 
the ground-water towards the cold front via the soil moisture films coated around the 
soil particles through poorly defined flow paths in a zigzag motion. 

During the course of its upward migration, the flowing water loses some of its driv
ing pressure. This means that the driving pressure m the system's flow performs 
some mechanical work that is lost. Thus, in doing external, over-all work, the entire 
freezing soil system loses some of its energy. The driving pressure (soil moisture 
tension) of the upward-flowing soil moisture in the porous medium of soil may be meas
ured by means of so-called tensiometers (7, 8). The term "tensiometer" reflects l i t 
erally the function of the device. Figure 1 shows the type of conical tensiometer devel
oped from the author's studies and now used in his work for detecting soil moisture 
tensions in prepared soil systems subjected to freezing. 

The tensiometer is a porous, thin-walled, ceramic moisture-tension sensing ele
ment of known porosity and known surface area (Table 1). 

Virtual Work in a Freezing Soil System 
The author (6, 9, 10) has described that in a freezing soil system several soil mois

ture transfer mechanisms may act simultaneously in translocating soil moisture up-
1 



ward from the ground-water (warm region) to the cold front. In such a case, all the 
partaking soil moisture transfer mechanisms contribute to a resultant driving pres
sure; namely, subpressure (or resultant soil moisture tension or pressure deficiency). 

TABLE 1 

Characteristic Value 
Effective surface area (sq cm) 30.52 
No. of capillaries per sq cm 2325 x 10̂  

Porosity (percent) 57 
Average capillary radius 0.3(L 
Bubbling gauge pressure 

(= air entry value) (at m) 2 

Figure 2 shows an element of soil, abed, into which a tensiometer is inserted. The 
freezing soil system is laterally insulated, so that a unidirectional upward flow of heat, 
soil moisture, and cations in the electric diffuse double layer can take place (9). 

When a differential volume of water, dV, is transferred from the tensiometer to the 
soil, then the draw of water out of the tensiometer brings about a decrease in pressure 
in the tensiometer water and the mercury rise in the closed leg of the manometer, con
nected to the tensiometer, makes up the difference in volume. Thus, the adjusted dif
ference in the mercury levels in both legs of the manometer may be considered a meas
ure of the resultant tension forces prevailing in the soil-water-temperature system on 
the upward flow of soil moisture. 

On drawing out a differential volume of water, dV, from the tensiometer, water in 
the tensiometer is subjected to a certain pressure, p. In doing so, the resultant water 
absorptive forces in the soil perform a differential mechanical work, dW, and the work 
performed by the pressure, p, in transferring a differential volume of water, dV, from 
the tensiometer to the soil is p • dV. 

When this differential volume of water, dV, leaves the tensiometer and enters 
through its porous walls into the soil, this volume of water, dV, displaces an equal vol
ume of air that prevailed in the partially water-saturated voids of the soil. In this case, 
the displacement of a volume of air, dV, against atmospheric pressure, p^, results in 
a differential mechanical work, the magnitude of which is p^ • dV. Now, by the princi
ple of virtual work, the total work done by all the forces on the system in any virtual 
displacement is equal to zero: 

dW + p • dV - Pa • dV = 0 (1) 

The work per unit volume of water taken up by the porous soil system and thereby 
done by the resultant water absorptive forces prevailing in the soil-water-temperature 
system is 

dW/dV = Pa - P (2) 
where 

Pa " P = pressure difference on the two sides of the porous wall of the 
tensiometer 

Eq. 2 indicates that the mechanical work performed per absorbed unit volume of 
water by the soil is independent of the nature of forces that drive the water through the 
soil and holds for soils of all textures, such as sands, silts, and clays. Hence, this 
equation shows that the measurement of the water surface tension reveals only the mag
nitude of the total soil moisture driving pressure, pa - P> as the resultant pressure 
available in the freezing dynamic soil system. The tensiometer measurements, thus. 



Figure 1. C o n i c a l tensioraeter. 
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F i g u r e 2. Soil-tensiometer-water system. 

do not disclose in themselves the various soil moisture transport mechanisms result
ing in the pressure difference Pa - p. As stated above, such (p^ - p) measurements 
indicate only the magnitude of the total pressure difference resulting from the simul
taneous acting of the various soil moisture transfer mechanisms, as they may be pres
ent and acting in the freezing soil system in nature as well as in the laboratory. 
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Figure 3. Soil particle size accumulation curves. 

Rengmark's Publication on Vapor Transport in Soil 

In 1953, Rengmark (11) published a paper on vapor transport in soil. The contents of 
that paper are that the vapor transport through an intermediary layer of sand or gravel up
ward to a "binder" has been investigated partly at a constant temperature (temperature 
gradient = 0/cm), and partly at a temperature gradient of 16C per 30 cm during periods of 
24, 240, and 720 hr. His temperature gradient was a non-freezing one, dropping from 
+20 C at the "ground-water" to +4 C at the surface. Rengmark concluded that the vapor trans
port decreases with the decreasing size of the soil particles m the intermediary layer. 

Purpose of Paper 

The purpose of this paper is to report on the author's studies of freezing soil systems. 
The object of the studies, in turn, was to make a scientific inquiry into the effect of soil 
porosities on the amounts of soil moisture transferred from the ground-water to the cold 
front. Another point of interest in this work was to make deductions from the results 
obtained in the soil freezing experiments as to within what ranges of porosity of the soil 
the f i lm transport of soil moisture is more effective than the moisture transfer mechan
ism by vapor diffusion. 

EXPERIMENTS 
The soil used in the freezing experiments was a glacial outwash soil, called Dunellen 

soil, with a 14 percent silt and clay content, as shown in Figure 3, for porosities from 
n = 27.8 percent to n = 47,8 percent. The soil systems for freezing at porosities greater 
than n = 47.8 percent were prepared of the coarser particles of the soil under study. The 
particle size accumulation curves of the latter are shown in Figure 3 as a band of two 
steep curves and designated with n = 60-90 percent. Beginning with a porosity of about 
n = 60 percent, the particles are in no contact with each other. The size of the soil sys
tems IS 15,2 cm in diameter and 30.0 cm in height. 

The freezing equipment used in these studies is shown in Figure 4. In the freezing 
chamber, the soil sample is placed with its lower end in the "ground-water," the tem-



Figure h. S o i l - f r e e z i n g compartment. 

4-

Figure 5. Device f o r maintaining a con
s t a n t groimd-water t a b l e and measuring the 
amount of s o i l moisture taken up to the 

f r e e z i n g of s o i l s . 

perature of which is maintained constant at 
8 C, which is an average annual tempera
ture of the ground-water actually observed 
in the field. The ground-water level is 
maintained constant by means of a constant 
level device (Fig. 5). This device also 
permits one to observe at any time during 
the experiment the amounts of moisture 
transferred from the ground-water to the 
freezing soil system. To prevent lateral 
heat flux, the soil cylinders placed in the 
freezing chamber are laterally insulated 
with cork and vermiculite, so that, upon 
freezing of the soil samples from the top, 
a virtually unidimensional heat flow takes 
place from the ground-water upward 
through the soil system towards the cold 
front. Because of the upward direction of 
the dropping temperature gradient and uni
directional heat flow, the soil moisture in 
the soil sample is likewise transferred up
ward along the temperature gradient. For 
purposes of comparison all soil systems 
were studied under similar conditions; that 
is, at the same temperature and maximum 
temperature gradients, namely 0, 53 C per 
cm and for a period of seven days = 168 hr. 

Figure 6, compiling the results of these 
experiments, shows that the effective soil 
moisture transfer mechanism is by way of 
the film flow (unsaturated flow) within the 
porosity range between about n = 27.8 per
cent and n = 47.8 percent. In this range. 
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Figure 6. Soil moisture transfer as a function of porosity of soil upon freezing. 

because of the close packing of the soil particles and hence relatively great resistance 
for vapor movement, i t can be deduced that the vapor diffusion is an effective soil mois
ture transfer mechanism. This figure also permits one to conclude that between porosi
ties of about n = 60 and 100 percent the effective soil moisture transfer mechanism is 
by way of vapor diffusion. However, in this range, the amounts of soil moisture trans
ferred are several (two to five) times less than by way of the f i lm mechanism,, so that 
even relative to other soil moisture transfer mechanisms the vapor transport mechan
ism can also be considered as ineffective, particularly if one considers the fact that the 



porosities, n, of soils in their natural or artificially compacted conditions are usually 
between about n = 30 and 40 percent. 

As Figure 6 shows, there are no sharply defined boundaries between the various 
modes of soil moisture transport mechanisms and processes. It is, therefore, quite 
reasonable to assume that a transition from one mode to another (for example, the 
interval between porosities of about n = 50 percent and about n = 70 percent) constitutes 
a combination of various simultaneously-acting modes of transport. From these ex
perimental studies one also deduces that in reporting research results on moisture 
transfer in soils upon freezing i t is essential to report the porosity of the soil, because 
for each degree of packing there may be a different moisture transport mechanism in 
action. 

CONCLUSIONS 
This experimental study shows clearly that, all other conditions being the same, the 

following obtain: 
1. The amount of soil moisture transferred upon freezing from "ground-water" to 

the cold front is the greater the less the porosity of the soil. 
2. At a porosity from about n = 27 percent up to about n = 50 percent the most effec

tive mechanism for the upward flow of moisture is the mechanism of f i lm flow. 
3. The porosity for the minimum amount of soil moisture transfer in these experi

ments is between about n = 60 percent to about n = 75 percent; in this range the effective 
moisture transfer mechanism is by way of vapor diffusion. 

4. From a porosity of about n = 75 percent up to n = 100 percent, the moisture trans
fer takes place exclusively by vapor diffusion. 

5. Although occurring in measurable quantities, the moisture transfer in the vapor 
phase at n = 100 percent constitutes only about one-fifth of the maximum amount of soil 
moisture transferred in the f i l m phase, say at n = 40 percent (Fig. 6). In other words, 
the maximum moisture transfer in the f i lm phase at n = 40 percent is five times as 
large as that at n = 100 percent. 

6. The minimum amount of soil moisture transfer in the vapor phase at n = 65 per
cent constitutes about 50 percent of the maximum amount of soil moisture transferred 
by pure vapor diffusion at n = 100 percent. 

7. Depending on the degree of porosity (namely, state of packing of the soil) one 
soil moisture transfer mechanism is more effective than another; at lower porosities 
the f i lm mechanism predominates, whereas with high porosities the v ^ r transport 
mechanism governs. Further, between these two soil moisture transfer mechanisms 
there is an interval of transition in the soil porosities in which the f i lm and vapor trans
fer mechanisms coexist simultaneously. 

8. The least amount of moisture is transferred upward in the porosity range between 
about n = 60 percent and about n = 70 percent, porosities that are higher than those ob
tained for this soil in the standard compaction test (n = 32 percent). 

9. Based on these observations it appears that in the soil studied, when compacted 
in the field at or nearly at its optimum moisture content (w = 12.0 percent) by standard 
compaction (maximum dry density = 120 pcf), the amount of soil moisture trans-

9 Oft 
ferred up to the cold front would be = 5.76 times more than that transferred at the 
porosity of about n = 65 percent. The profound effect of porosity on the amount of soil 
moisture transferred from ground-water to the cold front is thereby demonstrated. 

Al l in all , these experimental studies indicate that the soil moisture transfer in the 
vapor phase is relatively ineffective as compared with soil moisture transferred by way 
of the f i lm mechanism. 
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The Frost Behavior of Soils. I . Vertical Sorting 
ARTURO E. CORTE, Contract Scientist, U.S. Army Snow Ice and Permafrost 
Research Establishment, Wilmette, m. 

Studies in permafrost areas show that a particle-size sorting 
occurs in saturated granular soils due to freeze-thaw cycling. 
This phenomenon is evidenced by a gradual change in size of 
soil grains, with the fines at the bottom of the active layer and 
the coarse at the surface. This happens in well-graded materi
als with and without particles finer than 0.02 mm. 

In laboratory experiments soil samples were subjected to al
ternate freezing-and-thawing cycles with the test specimens 
completely saturated. Series have been run in which freezing 
and thawing both progressed from the top down, and others in 
which freezing occurred from the bottom and thawing from the 
top. The soil materials used were well-graded sandy gravels 
lacking the 0.02-mm fraction. 

The tests show that all samples developed vertical sorting 
and changes in density (thawed condition) as the freezing-and-
thawing cycles proceed, and that the density change is a function 
of the initial density and the speed of freezing. 

With a freezing rate of 0.6 mm per hr, a sample that has 14 
percent finer than 0.074 mm developed sorting and increased 10 
percent in volume after 5 cycles of freeze-thaw. The rate of 
movement of the 0.074-mm fraction is 0.25 percent per cycle. 
A sample that has 0 percent finer than 0.074 mm also produced 
sorting and increased up to 6 percent in volume after 10 cycles. 
These tests were performed without surcharge on the samples. It 
is possible that this decrease in density might be a result of the 
migration of smaller particles from the voids between larger ones. 

It is therefore apparent that a mixed soil subjected to freeze-
thaw cycles becomes vertically sorted until a filter system is es
tablished: that IS, the material in one layer cannot pass through an 
intervening layer into a third. In practice, this principle implies 
(a) that a well-graded gravelly soil, with or without fines, wi l l be 
sorted and a density change wil l take place when it is subjected to 
a sufficient number of freeze-thaw cycles; and (b) that, although a 
soil may not foster formation of ground ice during the f i rs t freeze 
cycle, the chance for such a formation wil l increase during subse
quent cycles, as more of the finer material is concentrated at the 
bottom of the freeze-thaw layer. 

More tests are being conducted to determine (a) the segrega
tion effects when the zero line moves vertically, instead of hori
zontally, into the soil; (b) the effect of sphericity of the particles; 
and (c) composition of the finer fraction. 

• FARMERS in a.reas of intense winter freeze have reported the appearance of stones at 
the ground surface and the heaving of fence posts. These stones and posts are supposed 
to have been pushed out of the soil by repeated freezing and thawing action. Hogbom 
(1.), Hamberg (2), Hesselman (3), and Beskow (4) explain this phenomenon as a result 
of expansion during freezing. During thawing, the stones do not settle to the same place 
because of the reorganization of the soil particles. H5gbom and Hamberg considered 
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that formation of ice at the bottom of the 
stones is a necessary condition for the 
heaving. 

The literature on formation of patterns 
produced by freezing and thawing is volumi
nous and the problem of sorting is treated 
in more than 20 theories (5, p. 568-69). 
In spite of so many theories, there are no 
basic field and laboratory experiments on 
this problem of sorting. 

Vilborg (6) has demonstrated that the 
soil particles surrounding stones are finer 
than particles located under them. The 
presence of coarse material under the 
stones is attributed to mechanical sorting 
in the cavity beneath the stone when it is 
lifted during freezing. Concentration of 
fine particles at the bottom and coarse par
ticles on top of the active layer was re
ported by Taylor (7) and Corte (8) for the 

Figure 1. Af t e r 6 freeze-thaw c y c l e s heav- Thule area in northwest Greenland, 
ing o c c u r r i n g i n the outer and middle c i r - With the construction of roads and ra i l -

c l e s of marbles, ways, the effect of frost behavior on soils 
became a main problem, and during the 
second and third decade of this century re
search on frost action was conducted in 
the U.S . by Taber (9, 10, 11, 12, 13), in 
Sweden by Beskow (i) , in Germany by 
Casagrande (14) and DUcker (15, 16, 17, 
18), in Russia mainly by Tsytovich, N.A. 
'(r957) and others at the Institute of Perma
frost V , A , Obruchev. 

The effect of grains finer than 0.02 mm, 
colloids, the mineralogical compositions 
of the binding material, rate of freezing, 
effects of loads, etc., have been investi
gated. To date, it appears that the basic 
work of Taber and Beskow on ice lenses in 
fine soils is generally accepted, but there 
is still much disagreement on the exact 
mechanism of water movement to feed the 
growing ice lens and source of energy for 
heaving. In the last decade, much effort 
has been expended in studying the problem 
of frost action. 

The thermal properties have been inves-
F i g u r e 2. A f t e r 19 freeze-thaw c y c l e s tigated mainly by Kersten (20, 21). The 
heaving o c c u r r i n g i n outer, middle, and mechanics of frost heaving have been in-

center c i r c l e s of marbles. , . i. j T . / o r . \ T -i • / r > o \ 
vestigated by Penner (22), Jumikis (23), 
Martin (24), Higashi (25), Cass and Miller 
(26), and others. The factor of moisture 

in frost action was reviewed recently by Low and Lovel (27), and it is shown to be an 
area in which more understanding is required. 

According to investigations made at A C F E L , U.S. Army, Corps of Engineers, Linell 
and Kaplar (28), the control of soil characteristics is the most feasible factor to con
sider for frost action. The present-day Casagrande criterion of the percentage of the 
0.02 mm fraction is a rough rule of thumb, but is the best presently available (28, p. 
123). According to practical experience, it is clear today that the knowledge of the 
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Figure 3. 

pedological and geological conditions wi l l increase the understanding of the frost action 
phenomena (29). According to Tsytovich (19, p. 118), Shusherina* reported in 1955 on 
the alteration of structural bonds that takes place both on thawing and by cyclic freeze-
thaw action in all soils. 

The present report considers whether particles move in the soil under freeze-thaw 
cyclic effect. H particles move, then i t wi l l be necessary to analyze under what condi
tions this happens. Of the many variables involved in freezing and thawing cycles only 
a few of them wi l l be explored: (a) grain size, (b) speed and direction of freezing, (c) 
mineralogical composition of the finer fraction, (d) speed of heaving of certain particles 
shapes, and (e) the effect of freeze-thaw cycles on the breakage of the soil particles. 
K laboratory experiments simulating natural conditions can demonstrate that particles 
move, it wi l l be necessary to see if nature develops such segregation and the conditions 
under which this occurs. 

•Shusherina's report i s in abstract form and was not available during this report prepa
ration. 
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L A B O R A T O R Y D A T A 

P r e l i m i n a r y Exper iments 

A pre l iminary experiment was c a r r i e d on in a g lass culture dish in which three c i r 
cu lar rows of marbles 1 c m in diameter were covered by a layer of c lean, washed sand 
about 2 cm thick with no part ic les f iner than No. 200 mesh . The sand was washed until 
a l l suspended part i c l e s were removed by the running water . In the dish, water was 
kept about 4 c m above the sand surface . The culture dish was brought into the -20 C 
cold room for freez ing and was taken into the laboratory at +20 C for thawing. The 4 cm 
layer of water above the sand surface permitted the sample to freeze and thaw mainly 
f rom the bottom upwards, but also f rom the s ides . Before cycl ing started, the culture 
dish showed only a sand surface l a y e r . After 6 cyc le s the outer row of marbles appeared 
and also some of the inner ones ( F i g . 1); after 19 c y c l e s , a l l the marbles f r o m the two 
outer rows came up and also two of the central c i r c l e ( F i g . 2) . The sand layer showed 
a very c l ear sorting of coarse sand to the top and the f ines to the bottom. It i s proposed 
that this rearrangement of part i c l e s be cal led v e r t i c a l sorting. T h i s experiment demon
strated that c lean sand without f ines can be sorted by repeated freeze- thaw action and 
that the coarses t part ic les a r e extruded out of the sand. The implications of such move
ments were c l e a r , and additional experiments were c a r r i e d on in open containers in 
order to see the behavior of different geometric bodies. Again c lean sand was used in 
noninsulated containers. Two geometric shapes were used: g lass spheres 2 . 6 c m in 
diameter and c e r a m i c tetrahedrons 2 c m high. F o u r tetrahedrons were placed inverted 
into the sand with only a s m a l l part of the base near the sand surface so that i ts position 
could be observed. F o u r marbles were also placed into the sand so that the upper part 
of each was v i s ib l e . The positions of the part i c l e s were measured with V e r n i e r c a l i 
p e r s after every freezing-and-thawing cyc le . During the freezing cycle there was no 
problem in measuring the part ic le , but at thaw stage there was some slight pushing down 
of the part ic le with the V e r n i e r gage. Therefore , the actual position of the part ic le was 
slightly higher than shown in the curve in F igure 3 . It was found that the glass marbles 
moved upward fas ter than the c e r a m i c tetrahedrons, the average rate of heave being 
0.22 m m per cyc le for the marbles and 0.18 mm per cyc le for the tetrahedrons. The 
rate of movement of the c e r a m i c tetrahedrons was l e s s than when they were not i n 
verted: 0.09 m m per cyc le . 

Because these experiments were c a r r i e d out m containers without insulation, f r e e z 
ing and thawing proceeded from a l l direction. To find out if part ic les would move when 
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Figure 5. Ver t i ca l sorting produced in sample of commercial sand after 20 cycles of 
freeze-thaw, freezing from the top at a l.h mm per hr. Total thickness of layer: 

21.5 cm: thickness of each analyzed layer: 3.0 cm. 

freezing occurred f rom the top, an insulated cabinet designed by Schmertman (30) was 
used. T h i s cabinet provided good temperature control, but could handle only one s a m 
ple in each cabinet. A clean sample of commerc ia l sand was placed in the container 
without compaction and two marb le s , 2 .6 c m in diameter, two tetrahedrons 2 c m high, 
and two stones about 2 c m in diameter were buried in the sand at a depth of 12 c m . A 
thin piano wire was glued to each partic le so that each position could be read by m e a s 
uring the top of the steel w i r e . The sample was then subjected to 20 cyc le s of f r e e z e -
thaw with the freezing rate of the order of 1.4 m m per hr , and the thawing rate twice 
that value. The water level was kept at the top of the sample by pouring water in f rom 
the top of the cyl inder. 

A s i m i l a r sample including marbles , tetrahedrons, and stones, was placed in an 
open plastic pan and placed in the cold room along with the insulated container. A s 
expected, the sample in the plastic pan froze at a rate that was 2 to 3 t imes faster 
(approximately 2.8 to 4.2 mm per hr) than the insulated sample . 

In spite of the various incompatibilities of the two tests and the inherent limitation 
of the equipment used in this pre l iminary experiment, certa in useful observations were 
made. In both tests the buried marbles , stones, and tetrahedrons were observed to 
move upward, the magnitudes being greater in the case of the unidirectional freezing 
than in the case of freezing f rom a l l s ides . F igure 4 i s a plot of these motions. The 
l inearity of the broken l ines resulted f rom measuring only at the thawed condition after 
every fifth cyc le , whereas m the unidirectional f reez ing test measurements were taken 
at the thawed and frozen stage of each cyc le . A downward displacement of the buried 
objects was observed during the f i r s t two cyc le s of unidirectional freezing; this was 
caused by densification of the originally loose sample. Subsequently, the part ic les were 
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Figure 6. Volume changes, produced by sorting without freezing and thawing, straight 
graded samples a2, a3, ali, bli, a5 (soUd l ines ) compared with boundary l ines of frost 

susceptible and non-frost susceptible so i l s (dashed l i n e ) . 

heaved about 6 m m in 9 c y c l e s . Also , at this point in the test the sample height had 
increased 16 m m . Although the broken l ines imply that the heave rate i s dependent on 
part ic le shape, this conclusion cannot be made f r o m this data, f o r in other tests , dif
ferent relat ive heave rates were obtained for the same part i c l e s . After 20 cyc le s of 
freez ing and thawing, the sample f rom the insulated cabinet was cut into 7 horizontal 
l a y e r s , each 3 c m thick, and the grain s ize distribution of each was determined. 
C u r v e s for the 7 l a y e r s ( F i g . 5) indicate that a distinctive ver t i ca l sorting did occur . 
The resu l t s of this experiment indicate the following: 

1. P a r t i c l e motion depends on the direction of freezing, i s probably a function of 
the rate of freezing, may be a function of the part ic le shape. 

2 . F r e e z i n g and thawing produces a definite sorting of so i l part ic les by s i ze , the 
larger moving up and the s m a l l e r moving down. 

L a t e r it w i l l be shown that the slower the rate of freezing, the greater the volume 
change. T h i s strongly impl ies that both heaving and ver t i ca l sorting are dependent on 
the rate of freez ing. 

V e r t i c a l Sorting and Volume Changes Produced by C y c l i c F r e e z e - T h a w 

In preceding experiments it was demonstrated that the c o a r s e r part ic les of a m i x 
ture migrate upward. It i s necessary to find out what happens to the f iner fract ion. 
The movement of the coarse fraction could be measured with a gage but the movements 
of the f ines have to be determined by grain s ize ana lys i s after a cer ta in number of 
c y c l e s . 

F o r this experiment, f ive samples were prepared f r o m a commerc ia l sandy gravel; 
samples were designated: a2, a3, a4, a5 . E a c h grain s ize fa l l s in a straight l ine. 
A l l samples have a common origin at the No. 10 s ieve, and the end of each gra in- s i ze 
l ine i s located at equally spaced intervals differing approximately by a multiple of 4 

( F i g . 6). In this manner the uniformity coefficient, \ ^ ^ ^ increases in each sample by 
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a multiple of approximately 2 . With sample a5, two subsamples were prepared, des ig
nated a 5 - l and a5 -2 . F o r a 5 - l the 14 percent f iner than the No. 200 sieve i s a cohesive 
fract ion taken f r o m a sample of Bloomington t i l l ; in a5-2 the same fraction i s made of 
quartz powder, a c o m m e r c i a l mater ia l , noncohesive, with the trade name of " s i l i c r e t e . " 
Samples a 5 - l and a5-2 are the same grain s i ze but the mineralogical composition of the 
f ines i s different. In this way it w i l l be possible to see the effect of the mineralogical 
composition of the f ines on the freeze-thaw section. 

F igure 6 a lso shows that the finest sample, a5, i s a line tangent to the lower boundary 
of the so -ca l l ed "frost susceptible soi ls" (4, 14, 31). These samples can be c la s s i f i ed 
according to the United Soil Class i f i cat ion l^stem of the Corps of Engineers (32) as fo l 
lows: 

a2: 
a3: 
a4: 

a 5 - l : 
a5-2: 

G P 
G P -
SP 
S C 

T A B L E 1 

S P Dry Density 

SM non-plastic f ines , "s i l icrete" 
Sample (g/cm') (pcf) 

a2 1.529 95.4 
aS 1.658 103.5 
a4 1.842 114.9 

a 5 - l 1.822 113.7 
a5-2 1.842 114.9 

Samples were compacted according to 
Table 1. Samples weighing 2 kg each were 
placed in l a y e r s about 2 c m thick and com
pacted with s e v e r a l blows of a piston weigh
ing 8 kg. The sample container i s a b r a s s 
cyl inder 12.5 c m in diameter and 15 c m 
high; the bottom of the cylinder had 2 . 3 - m m holes m the bottom for water to enter into 
the sample . 

In the compacting process , specia l care was taken in order not to produce sorting by 
compaction. It was observed that when samples were moist no sort ing was produced by 
compaction. The amount of breakage produced under different numbers of freeze-thaw 
cyc le s was also determined. The test shows c l ear ly that there i s a definite breakage 
by freeze-thaw c y c l e s . The amount of breakage decreases as the uniformity coefficient 
of the sample i s ra i s ed ( F i g . 7) . It was also observed that there i s more breakage at a 
s low rate of f reez ing and thawing. T h e r e was more breakage after 30 cyc les and com
paction at -5 C than after 100 cyc l e s and compaction at -20 C . Sample a 5 - l with 14 per
cent passing s ieve No. 200 did not show breakage. However, these two last statements 
need further experimental ver i f icat ion. In the tests it was not intended to corre late 
amount of breakage and the kind of rock that composes the sample. 
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Figure 8. Container holding 6 samples, 2 i n brass and k i n l u c i t e cy l inde r s . 

The b r a s s cy l inders with the compacted samples were placed in a larger container 
and a mixture of gravelly sand was put around them ( F i g . 8) . Water entered the con
tainer through a pipe connected to a water tank having an adjustable level . The water 
level was kept constantly at the top of the specimens. An e lectr ical ly controlled valve 
between the container with the specimens and the water tank was turned off during 
freezing and on during thawing. The purpose of this was to create a confined condition 
such as occurs in the active layer in nature. K there were no valve during freezing, 
the expansion produced would push the water below the freezing line and cause the water 
level to r i s e . It was observed during every cycle that if the valve was open the water 
rose during every freezing cycle and dropped during thaw. When the active layer 
f reezes there i s no place where the water confined between the frozen active layer and 
the permafrost can go; that i s , it is a closed system. F o r this reason a laboratory 
closed system simulates the active layer better than an open sys tem. The temperature 
of the freezing cabinet was measured by thermocouples placed vert ica l ly every 2 c m . 
The temperature distribution in the samples was measured and a flat freezing line was 
obtained in the specimen. The temperature was controlled chiefly by means of heating 
tape placed at the bottom of the container, and the freezing rate was determined by the 
drop of voltage on that heating tape. A drop of 4 volts a day was enough to produce a 
freezing line penetration of 0. 6 mm per h r . The thawing speed was about 6 mm per hr , 
and it could be produced from the top by infrared lamps placed on top of the freezing 
cabinet and from the bottom of the specimen by increasing the voltage in heating tape. 
F o r this test, thawing was produced only from the top. 

Samples a2, a3, a4, a 5 - l and a5-2 were subjected to 22 cyc les of freeze-thaw. 
During the cycling process it was observed that the samples increased in volume, 
and that the volume increase was larger for samples with a higher uniformity coef
f icient. After 22 cyc les the samples were taken out of the cabinet and gra in- s i ze 
analysis was performed in order to determine if ver t i ca l sorting had developed. 
Samples a2, aS, and a4 were cut into 3 layers ; each layer was 2 . 5 cm thick. 
Samples a 5 - l and a5-2 were cut into 5 l ayers , each 1.6 cm thick. The gra in-
s ize analys is shows that a l l samples developed ver t i ca l sorting with the bottom layer 
f iner than the top one ( F i g s . 9 and 10). The ver t i ca l sorting i s more striking where the 
analyzed layer was 1, 6 cm thick. The fraction f iner than 200 mesh ( F i g . 9) decreased 
from 14 to 10 percent in the upper layer of a5-2 and increased from 14 to 21 percent in 
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Figure 10. V e r t i c a l so r t ing developed m samples a3 and aii a f t e r 22 cycles of f reeze -
thaw cycles . 

the bottom layer . This indicates that this fraction moved down at a rate of 0.2 per 
cent per cycle and concentrated at the bottom at a rate of 0.3 percent per cyc le . T h i s 
was accomplished at a rate of freezing of 0 .6 mm per cyc le . In sample a 5 - l . Bloom-
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FREEZE -THAW CYCLES 

ington t i l l , the fine fract ion moved down only by 1 percent or 0.02 percent per cyc le . 
T h i s i s to be attributed to the cohesive properties of the f ines which adhere better to the 
larger part ic les than the noncohesive f ines made of quartz powder. 

Hydrometer ana lys i s performed on the fract ion pass ing s ieve No. 200 showed that the 
bottom layer i s r i c h e r in colloids than the top l ayer . 

T h i s experiment shows the following: 

1. Compaction and freeze-thaw cyc le s produce breakage of the so i l gra ins . The 
amount of breakage decreases as the uniformity coefficient of the sample i s r a i s e d . 

2. C y c l i c freeze-thaw produces v e r t i c a l sorting with the bottom layer f iner than the 
top one. T h i s v e r t i c a l sorting i s observed in the so -ca l l ed "non-frost susceptible" so i l s . 
Noncohesive so i l s segregate fas ter than cohesive mater ia l s . 

In order to determine the volume change produced by the sorting process , a new test 
was run in the same freez ing cabinet. A Starrett dial gage was inserted in the wa l l of 
the b r a s s cyl inder. The dial gage could read 0 . 0 1 - m m ver t i ca l displacements. 

Samples were compacted by a metal piston, each layer was compacted with 16 blows 
before placing the next one. The same type of samples was prepared as before: a2, a3, 
a4, a 5 - l , and a5-2; with another sample, b4, included having a uniformity coefficient of 
26 .5 and containing no part ic les f iner than mesh 200 ( F i g . 6) . A l l samples a r e "non-
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frost susceptible" according to present engineering standards. Because of space a v a i l 
able in the freezing cabinet, another sample d l was included ( F i g . 6); this i s a f ine sand 
with 14 percent f iner than 0.037 m m , the f ines are also made of s i l i c re te . Samples 

were compacted according to Table 2. 
The freezing process was performed as 

in the previous experiment with a top-down 
freezing rate of about 0 .6 mm per h r , and 
thawing f r o m the top at about 6 .0 m m per 
h r . A s in the preceding experiment no s u r 
charge was applied on the samples . Read
ings of sample height were taken during 
and after the freezing process and after the 
thawing cyc le . After the thawing stage, the 
volume and density were computed ( F i g s . 
11 and 12). It can also be sa id that the vo l 
ume changes by freeze-thaw are greater 
for samples with a larger uniformity coeff i 
cient. Sample a2, with the smal les t uni
formity coefficient, showed no changes after 

cycle 5. The other samples were s t i l l changing as this report was written. F o r this 
reason, the time for which samples w i l l remain stationary i s not given. Sample a5-2 

Sample 
Dry Density 

Sample (pcf) 

a2 1.888 117.86 
a3 1.958 122.23 
a4 2.083 130.04 
b4 2.059 128.54 

a 5 - l 2.141 133.66 
a5-2 2.032 126.85 

d l 1.690 105.50 
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Figure 13. Freezing cabinet which allows a sample to f reeze from the bottom upward at 
d i f f e r e n t ra tes of f r e e z i n g . A heating tape located on wooden top serves to c o n t r o l 

f r e e z i n g speed. 

changed steadily, with a smal l gap in cycle 8 until cycle 10, increasing more than 7 per
cent in volume in 10 cycles; sample a 5 - l , differing only in the mineralogical composi
tion of the 14 percent f iner than 0.074 mm, showed a different volume change ( F i g , 11). 
T h i s indicates that the mineralogical composition of the minus 200 sieve i s important 
in the cyc l i c freeze-thaw action. 

The density and volume changes after 22 cyc les are given in Table 3. 

T A B L E 3 

Sample 

Dry Density 

(Cu) 

Volume 
Increase 

(%) Sample 
Before Cycl ing After 22 C y c l e s 

(Cu) 

Volume 
Increase 

(%) Sample (g/cm^) (pcf) ig/cm') (pcf) (Cu) 

Volume 
Increase 

(%) 
a2 1.888 117.86 1.816 113.37 1.9 2.82 

aS 1.958 122.23 1.888 117.86 3.8 3.68 

a4 2.083 130.04 2.028 126.60 8 .5 2.78 

b4 2.059 128.54 1.978 123.48 11.3 4.10 

a 5 - l 2.141 133.66 1.958 122.23 16.6 9.31 

a5-2 2.032 126.85 1.906 188.99 16.6 6.58 

d l 1.690 105.50 1.638 102.26 3.20 

F r o m this experiment the following can be concluded: Changes' in volume are pro
duced in samples considered "non-frost susceptible" by present engineering standards. 
The changes in volume are greater for samples with a larger uniformity coefficient. 
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Figure l l* . 
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The Functional F a c t o r s of Volume Changes 

It has been shown that freeze-thaw cyc les produce ver t i ca l sorting and changes in 
s o i l sample volume. The factors involved in this process are init ia l density, rate of 
freez ing , and number of freeze-thaw c y c l e s . In this section the effect of such var iables 
on the volume changes and v e r t i c a l sorting i s analyzed. F o r this test, sample a5-2 was 
used, with 14 percent passing sieve No. 200 and made of s i l i c re te . A freezing cabinet 
(called by the author an inverted open system) was used, that allowed the sample to 
freeze f rom the bottom upwards ( F i g . 13). The bottom-up freez ing i s produced chiefly 
by an aluminum plate % in . thick located at the bottom of the sample; by changing the 
voltage on a heating tape located at the top of the cabinet, different rates of freezing line 
penetration can be obtained. Thawing was accomplished by increasing the voltage on the 
top heating tape; in this way a top-to-bottom thawing cycle was produced. 

The sample was held in a transparent lucite cylinder 7 .5 c m in diameter and 12.5 
m m thick, which was enclosed in another cyl inder 15 c m in diameter. A 1 2 . 5 - m m a i r 
space between the two cyl inders served as an insulator. Through these lucite cy l inders 
the condition of the sample could be observed very c l e a r l y . On top of the sample there 
was an excess of water . T h i s water could be brought down to the freezing plane at dif
ferent rates , according to the rate of freez ing . Several s creens were superimposed in 
the water and the dial gage rested on top of them. No surcharge was applied to the s a m 
ple . 

The sample was placed in the inner lucite cylinder and compacted with a s m a l l piston. 
Two samples with dry densities of 2.144 g per cu cm (133.8 pcf) and 2.053 g per cu cm 
(128.1 pcf) were prepared. The experiment performed at a rate of freezing of 26 mm 
per hr demonstrated that the volume and density changes are smal l er with a low init ial 
density than with a high init ial density ( F i g s . 14 and 15). The density values are com
puted for the thawed stage. 

F igure 16 shows the density change as a function of the number of freeze-thaw cyc les 
for three freezing speeds: 0.06 c m per h r , 1.2 c m per h r , and 2 .6 c m per h r . F o r a 
freez ing speed of 2 . 6 cm per h r , the average rate of change in density during the frozen 
or thawed stage i s s m a l l e r than that for a freezing speed of 0.06 cm per h r . These v a l 
ues a r e obtained with an init ial density of 2.144 g per cu cm (133.8 pcf) . 
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Because the density changes a s a function of cyc le s and also as a function of the rate 
of freezing, it i s possible to express the density or volume changes as a function of the 
rate of freez ing for different c y c l e s . T h i s was accomplished by subjecting the s o i l 
sample with an init ia l density of 2.144 g per cu c m (133.8 pcf) to 5 cyc le s of freez ing 
and thawing at three freezing rates : 0.06 c m per hr , 1.2 c m per h r , and 2 .6 c m per 
h r . The resul ts a r e plotted in F i g u r e s 17 and 18. The upper horizontal line on top of 
F igure 18 shows the init ial density. After a f i r s t cycle was completed in three samples 
with the same density and at three freez ing speeds, the second cyc le was run under the 
same speeds. Values were obtained for 5 c y c l e s . It i s shown that for each cycle the 
density or volume changes a r e a function of the rate of freez ing . The volume changes 
a r e expressed mathematically by the following quadratic equations: 

1.958X + 0 .386X» 
1 .91X + 0 .295X' 
1.913X + 0.2447X" 
0.38X* 

Cyc le 1: 
Cyc le 2: 
Cyc le 3: 
Cyc le 4: 
Cyc le 5: 

= 3.162 
= 4.147 
= 5.079 
= 4.847 
= 4.516 

y •• 

X 

+ 2 .441X - 1.211X" 
, A v . 

volume increase in percent ( ^ x 100) 

rate of freezing in c m per hour 

The density changes are expressed mathematically by the following quadratic equa
tions: 
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Figure 16. 

C y c l e 1: 
Cyc le 2: 
C y c l e 3: 
C y c l e 4: 
C y c l e 5: 

y =2 
y = 2 
y =2 
y =2 
y =2 

,0828 + 0.03427X - 0.0062X" 
,0639 + 0.0315X - 0.00397X* 
,0471 + 0.02962X - 0.002533^' 
,0515 - 0.007642X + 0.00953X* 
,0595 - 0.05568X + 0.02593X' 

y = density m g per cu c m and pcf 
X = speed of freezing in c m per h r 

In cycle 5 there i s a noticeable drop of volume change and increase in density for 
low freezing speeds. T h i s can be attributed to the fact the sample becomes so loose that 
further cyc les produce a densification of the loose mater ia l s . T h i s can be shown more 
c lear ly if volume change i s computed as a function of the number of freeze-thaw cyc le s 
for different rates of freezing ( F i g . 19). The volume changes are s m a l l at a high rate 
of freezing (6.0 c m per hr) and at a low rate (0.06 c m per hr) . The drop in volume 
change after cycle 2 for the rate of freezing of 0.06 cm per hr can be attributed to a 
compaction stage that i s observed in the samples undergoing great changes in volume 
(see a lso compaction stage of sample a5-2 after cyc les 10 and 19 in F i g u r e 11). 

In these experiments it was observed that ver t i ca l sorting was not produced under 
freezing speeds of 6.0 and 3 .0 c m per h r . Because freezing speed determines the 
volume increase at the freezing and thawing stage, it i s c l e a r that ver t i ca l sorting i s a 
function of density change at the frozen stage. 
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Figure 17. 

F r o m these experiments the following can be concluded: 

1. The volume changes and v e r t i c a l sorting of heterogeneous mixture a r e a function 
of the speed of freezing and the init ial density. 

2. Because cycl ing produces a change in density, the volume changes a r e functions 
of the number of c y c l e s . 

It has been demonstrated that ver t i ca l sorting takes place when freezing and thawing 
proceeds f rom the top down. That i s the way the upper part of the active layer f reezes 
and thaws. 

It i s necessary to f ind out if v e r t i c a l sorting w i l l be produced by freezing f rom the 
bottom up and thawing f rom the top down, a s the lower part of the active layer f r e e z e s 
and thaws. 

The sample used for this test i s a5 -2 , in which the 14 percent passing No. 200 mesh 
i s quartz powder. Sample a5-2 was subjected to 7 cyc le s of freeze-thaw; freez ing- l ine 
penetration was 1 mm per h r . After the cycl ing process the sample was separated in 
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4 l a y e r s . The gra in - s i ze analys is shows a c l ear ver t i ca l sorting. F i n e s have concen
trated down at a rate of 0 .3 percent per cyc le . It w i l l be necessary to c a r r y out more 
tests under different speeds in order to ascerta in the validity of this f igure. F r o m 
this experiment it can be concluded that ver t i ca l sorting occurs when freez ing proceeds 
f rom the bottom at a rate of freezing- l ine penetration of 1 m m per hr and thawing p r o 
ceeds f r o m the top down. 

Volume Increase by Sorting in Straight Graded Samples Without F r e e z i n g and Thawing 

One bas ic question that a r i s e s from this sorting phenomenon i s : What volume 
changes w i l l be produced when a mixture of different grain s i z e s i s sorted by mechani
c a l means other than freez ing and thawing? 

To answer this question, a s e r i e s of straight graded samples was prepared ( F i g . 20). 
A l l l ines have a common origin of 0 percent at the No. 200 s ieve . Samples were p r e 
pared according to a straight- l ine gradation and success ive samples had a maximum 
grain s i ze of ten t imes the previous one. By increasing the maximum grain s i ze by a 
multiple of 10 the uniformity coefficient was increased by a multiple of 3. 

The procedure for determining the volume changes was the following: the sample 
was s ieved with screen openings differing by a multiple of 2. F o r example, sample a2 
passing % - i n . s ieve (9 .5 mm) and retained on sieve No. 8 (2.38 mm) was separated 
into two parts by s ieve No. 4 (4.76 m m ) . Sample a3 passing % - i n . s ieve (9 .5 mm) was 
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SORTING BEGAN 

NO OF CYCLES 

Figure 19. Ver t i ca l sorting and relationship between volume increase and number of 
freeze-thaw cycles , for four rates of freezing. 

separated into four fractions retained in s ieves No. 4 (4.76 mm) , No. 8 (2.38 mm) . 
No. 16 (1.19 m m ) and the f ina l fraction retained in No. 30 (0.59 m m ) . The same p r o 
cedure was applied in the other samples . In this manner sample a2 was separated into 
two fract ions , a3 into 4, a4 into 6, and a 5 - l and a5-2 into 8 fract ions . Samples were 
s ieved and each fract ion was placed as a layer in a graduated cylinder without compac
tion and the corresponding percent of volume increase was determined. F o r an i n 
c r e a s e in the maximum s ize of 10 t imes there i s at least a corresponding 10 percent 
increase in volume by sorting ( F i g . 20). Sample 1 with a C u = 3.60 gave 12.5 percent 
volume change; sample 2 with a C u = 11.53 gave 23 .9 percent of volume change; and 
sample 3 with a C u = 37.25 gave 31.8 percent of volume change. It can be predicted 
that a sample like 4 in F igure 20 w i l l give more than a 40 percent volume change. 

Samples a2, a3, a4, b4, and a S - l shown in Figure 6 were also sieved in the same 
sequence of s ieves openings shown in F igure 20. The volume changes follow the same 
pattern a s before. The values obtained are presented in Table 4. 

T A B L E 4 

R E L A T I O N S H I P B E T W E E N U N I F O R M I T Y C O E F F I C I E N T AND 
V O L U M E C H A N G E S B Y S I E V I N G 

V o l . Changes 
Uniformity Coefficient by Sieving 

Sample (Cu) ( ^ x l O O ) 

1 3.60 12.5 
2 11.53 23 .9 
3 37.25 31.8 

a2 1.9 2.1 
a3 3.8 14.0 
a4 . 8 . 5 20 .8 
b4 11.3 26 .5 
a 5 - l 16 .6 31.2 
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Figure 20. Relationship between uniformity coeff ic ient Cu = ( ^ ) and volume changes 
in straight l ine graded ser ies . 

T h i s table shows that by increas ing the uniformity coefficient of a sample the volume 
changes a r e also increased . F igure 21 shows the data on volume changes as a function 
of the uniformity coefficient plotted on semilog paper. A good correlat ion can be ob-
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Figure 21. Relationship between volume changes ^ and Cu = ( ^ ) by sorting. 
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Figure 22. Plain at border of ice cap, Thule area; active layer in lower l e f t removed 
to deeper leve l than at foot of trench w a l l . Active layer also removed in middle back

ground (white areas). Coarse part ic les near barrel put there by excavation. 

served. The solid straight line is the line of the 10 percent volume increase when the 
maximum size is increased 10 times. It indicates that the volume change is a simple 
function of the uniformity coefficient. If the gradation of the sample is linear, 

Av = a + b (log Cu) 
in which 

Av = volume increase 

Av = 1.000 + 0.19075 (log Cu). 
If the gradation line is not straight, this relationship will not hold. 
The following can be concluded: The volume changes produced by sorting of a hetero

geneous mixture is a function of the uniformity coefficient (Cu). An increase in the 
maximum size of the particles in the mixture by a factor of 10 produces an increase in 
volume of at least 10 percent. 

FIELD DATA 
Vertical Sorting of the Active Layer 

To establish the validity of the experimental results, it is necessary to find out if 
the processes in nature agree with the experimental findings. The best data available 
so far were obtained from the active layer in the Thule area, northwest Greenland. 
The contractors in the Thule area have been scraping off the active layer in order to 
obtain construction materials. By following the bulldozers and loaders, an excellent 
idea of the phenomenon at large can be obtained. Figure 22 shows qualitatively the de
gree of vertical sorting that has occurred in the area. 

A good approach to the phenomenon of vertical sorting (8) was obtained from several 
hundreds of yards of excavation made in the active layer during the summers of 1956 
and 1957. It was noted that the active layer showed vertical sorting when the fraction 
finer than 0.074 mm was more than 3 percent. Taylor (7) pointed out that even finer 
active layers show vertical sorting. It was observed that such active layers were in 
higher places where water could not accumulate. With the experimental information 
available, it was predicted that coarse active layers should show vertical sorting if they 
are or were flooded. 
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Figure 2k, Reverse o f v e r t i c a l s o r t i n g . 

During 1960, excavations were made in lower areas where water was abundant. A 
large trench was cut with a bulldozer in order to drain the melt water. Samples were 
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Figure 25. (a) Ver t i ca l sorting in active layer , Thule area. Scale rests about 20-30 cm 
below permafrost table, (b) Scale rests on permafrost. 

Figure 26. Vertical sorting on slopes, Thule area. Scale rests on ice wedge in perma
f r o s t . Coarse p a r t i c l e s below shovel, cave i n trench. 

taken at regular intervals from the top to the bottom of the active layer and permafrost, 
and sieve analyses were made (Figs. 23 and 24). It was observed, in general, that a 
perfect filter system was established in the active layer (Figs. 25 and 26). Entering 
into the permafrost, the soil gets more and more coarse, tending towards the same 
gradation as the average of the active layer (Fig. 24). Computation of the volume 
changes (Fig. 20) shows that a sample with a uniformity coefficient between 30 and 40 
will give volume changes of more than 30 percent. For a sample like d8 (Fig. 24) with 
a Cu = 30, a volume change of over 30 percent is expected. Considering that in nature 
the sorted materials might have a higher degree of compaction than that obtained in the 
laboratory, an arbitrary one-third of this value can be taken off, and the resulting theo-
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Figure 27. Vertical sorting around islands or centers of fines on gentle slope. 

retical increase in volume is still 20 percent. This would mean that originally this 
active layer was 100 cm thick and that sorting has increased it to 120 cm. Another factor 
that might promote vertical sorting in nature is the washing by streams and rain action 
especially after thaw when the soil is loose. In the laboratory experiments, samples 
tested were also washed with water to a degree simulating 1.000 mm of rainfall and 
without freezing; no vertical sorting was developed. Several other trenches cut in the 
active layer showed the establishment of the filter system. The perfection of the filter 
system will depend on the original grain-size distribution as well as the amount of mois
ture available. When the amount of fines in the active layer increases, then vertical 
sorting occurs everywhere, even in slopes (Fig. 26). However, when the amount of 
fines is predominant then the coarser particles behave as if floating in a plastic medium 
without being able to reach the surface (8). When the active layer contains about 10 per
cent of particles finer than the No. 200 mesh, the fines are reaching the surface as 
small islands surrounded by the coarser particles. In these islands as well as outside 
of them, vertical sorting is present (Fig. 27). 

The following conclusion can be made: Vertical sorting is observed in well-graded 
materials with and without fines (0.074 mm fraction) if they are or were saturated. 

Correlation Between Laboratory and Field Data 
The laboratory experiments were conducted with rates of freezing similar to those op

erating in nature. Freezing and thawing proceeded from the top downward, simulatingthe 
natural f reeze-thaw conditions of the upper part of the active layer. In other experiments 
freezing from the bottom up and thawing from the top down simulated conditions in the 
lower part of the active layer. Vertical sorting occurred under both of these conditions. 

Another aspect that has to be considered is the effect of loads on the sample. These 
experiments were performed without surcharge on the sample, but the upward freezing 
of the active layer occurs under the total load of the active layer. This indicates that 
vertical sorting will be produced even under load. The average in-place dry density of 
the soils of the active layer was about 2.0 g per cu cm (124.8 pcf). Assuming a thick-



32 

ness of 100 cm for the active layer, a load of 200 g per cu cm (373 pcf) can be assumed. 
This indicates that vertical sorting can take place under loads of 200 g per sq cm (373 
pcf). 

Laboratory experiments and field studies demonstrated that fine particles move 
downward and coarse ones move upward. Any coarse particle located in the middle of 
the layer wi l l act as an "umbrella" for the fines that are moving down. That is the 
reason why there is a concentration of fines on top of the big particles and a lack of 
fines at the bottom (8). The presence of coarse particles under the stones observed by 
Vilborg (6) is a part of the process of sorting. 

CONCLUSIONS AND RECOMMENDATIONS 
Laboratory experiments and field studies indicate that there is a tendency for a 

heterogeneous mixture of grains to become vertically sorted under repeated freeze-
thaw action, when adequate moisture is present, thereby increasing the volume of the 
mixture this phenomenon is observed when the freezing-and-thawing plane moves from 
the top or from the bottom. The equilibrium condition of this process is reached when 
a continuous fil ter system is established, at least to the degree to which this is possi
ble for any given gradation. This vertical sorting occurs in well-graded materials with 
and without particles finer than 0.074 and 0.02 mm. 

This sorting process is not stopped by a surcharge equal to the load of an active 
layer with a thickness of at least 1 m or 200 g per sq cm (396 pcf). The fact that par
ticles moved upward as a result of freezing and thawing from the top indicates that ver
tical sorting must take place in heterogeneous seasonally frozen soils outside the perma
frost areas if adequate moisture is available. 

This research indicates that particles migrate under freezing and thawing cycles and 
that this migration is accompanied by changes in the volume of the soil. It is therefore 
recommended that the engineering significance of such phenomena be considered. 

This research also shows that changes in volume produced by freeze-thaw cycles are 
functions of the heterogeneity of the grains in the soil. Because the uniformity coeffi
cient of the materials varies within short distances, this principle provides a good tool 
for the understanding of the mounds formed in the active layer and the sorting associ
ated with them. 

It was considered important, as a f i rs t step, to determine if particles move, and 
this objective has been accomplished at this stage of the research. The problem of how 
these particles move wil l be treated in a separate paper. The following problems are 
recommended for investigation: 

1. The volume changes and sorting produced when the freezing plane in the soil is 
vertical instead of horizontal. 

2. Volume changes and sorting under different surcharges. 
3. Pressure exerted by the upward migration of a particle. 
4. The effect of particles' sphericity on the segregation process. 
5. Sorting produced m nature when the freezing line penetrates from the top down 

and thawing from the top down and bottom up; in other words, in seasonally frozen 
areas. 
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rr^HE NATIONAL ACADEMY OF SCIENCES—NATIONAL RESEARCH COUN-
CIL is a private, nonprofit organization of scientists, dedicated to the 
furtherance of science and to its use for the general welfare. The 

ACADEMY itself was established in 1863 under a congressional charter 
signed by President Lincoln. Empowered to provide for all activities ap
propriate to academies of science, it was also required by its charter to 
act as an adviser to the federal government in scientific matters. This 
provision accounts for the close ties that have always existed between the 
ACADEMY and the government, although the ACADEMY is not a govern
mental agency. 

The NATIONAL RESEARCH COUNCIL was established by the ACADEMY 
in 1916, at the request of President Wilson, to enable scientists generally 
to associate their efforts with those of the limited membership of the 
ACADEMY in service to the nation, to society, and to science at home and 
abroad. Members of the NATIONAL RESEARCH COUNCIL receive their 
appointments from the president of the ACADEMY. They include representa
tives nominated by the major scientific and technical societies, repre
sentatives of the federal government, and a number of members at large. 
In addition, several thousand scientists and engineers take part in the 
activities of the research council through membership on its various boards 
and committees. 

Receiving funds from both public and private sources, by contribution, 
grant, or contract, the ACADEMY and its RESEARCH COUNCIL thus work 
to stimulate research and its applications, to survey the broad possibilities 
of science, to promote effective utilization of the scientific and technical 
resources of the country, to serve the government, and to further the 
general interests of science. 

The HIGHWAY RESEARCH BOARD was organized November 11, 1920, 
as an agency of the Division of Engineering and Industrial Research, one 
of the eight functional divisions of the NATIONAL RESEARCH COUNCIL. 
The BOARD is a cooperative organization of the highway technologists of 
America operating under the auspices ot the ACADEMY-COUNCIL and with 
the support of the several highway departments, the Bureau of Public 
Roads, and many other organizations interested in the development of 
highway transportation. The purposes of the BOARD are to encourage 
research and to provide a national clearinghouse and correlation service 
for research activities and information on highway administration and 
technology. 
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