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Abstract. The aim of this study was to elucidate the effects of freezing on some
structural properties of clay soils. The laboratory analyses Were based on field obser-
vations including measurements of soil temperature and frost depth.

The daily temperatures showed remarkable variations on the very soil surface both
in the autumn and spring, ranging from below zero at night-time to above 10° C at
daytime. The depth of soil frost was deepest in the ploughed field, whilst the straw
cowers on the soil surface not only strongly reduced its depth, but also slowed up the
thawing.

Eight clay soil samples were analyzed in the laboratory. At the potentials of —O.OOl
to —O.l bar the water retention capability of soil was reduced by freezing. Disruption
of the 5 —lO mm aggregates by freezing, analyzed with wet and dry sievings and water-
drop analysis was strongly dependent on the water potential, the Water potential of

1.0 bar or lower having in general no effect.
The total pore volume of aggregates Was dependent on the water potential when it

exceeded —15.0 bar. Freezing had a minor effect on the pore volume of the aggregates,
if they were let to thaw before drying. The freeze-dried aggregates showed a clear in-
crease of pore volume when the water potential at freezing exceeded —l.O bar.

The movement of water due to ice formation was studied with small and big soil
cylinders. It showed a great effect on the structure, if total pore volume, determined
with a mercury method, is considered the standard of judgement. Thus it was
concluded that the water movement even at a short freezing period is one of the
most essential factors determining the structural formation of ploughed clay soil.

Introduction

Soil frost is one of the most regular phenomena in the fields in Finnish
climatic conditions. Because it affects many domains of everyday life, it has
been the object of intensive research work in the countries where soil frost
exists. This research work includes also studies dealing with the effects of forst
on the structural properties of cultivated soils.

There is hardly any disagreement as to the effects of soil frost on the field
structure. Czeratzki (1971) states that it is one of the most significant factors
which affect the tillering properties of heavy clay soils under these climatic
conditions. Many farmers, too, know by experience that without frost the
heavy clay soils would be difficult to cultivate, and this has also been pointed
out by Kokkonen (1944).
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But, in spite of the effects of frost in general being regarded as significant
and the phenomenon itself »als den reizvollsten» (Czeratzki 1971), there are
surprisingly few studies on it, particularly on its effects on the workability of
soil and the mechanisms affecting deformation of soil structure. One reason
for this may be the fact that soil structure in general is not an unambiguous
conception and, therefore, several experiments of different types are needed
to approach and understand this phenomenon. The simple qualitative anal-
yses employed in the studies on soil frost will give only limited information
on the freezing processes in soils.

The depth of soil frost as a factor affecting soil structure is often
connected with the traditional conception of soil frost. It is obvious that this
is important when determining certain processes in soils particularly in the
engineering. The significance of frost depth may, however, he limited when
determining the structural formation of soil surface during the winter. There-
fore, the purpose of the present study is to establish the factors occurring in
winter affecting the differentiation of plough layer. The study is based on
some field observations and some qualitative analyses made on the basis of
these observations. The most fundamental part of the work is, however, the
latter part which deals with aggregation of the surface layer of clay soils
during the winter. The question is, what mechanism makes the soil aggregate
as a result of freezing.
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A. Some earlier studies on soil frost in agriculture

Professor E. Wollny, a German scientist, discussed also the problems of
soil frost in his large serial »Forschungen auf dem Gebiete der Agrikultur-
Physik», published at the end of the last century. It was taken up in three
separate papers and the same subject was also reviewed on the basis of the
results published in other papers. Furthermore, the problems of frost injuries
to plants also recieved much attention in this serial.

The freezing phenomenon in soil was fairly well known at the end of the
last century compared to the information available today, although the tech-
nical possibilities to perform measurements were more limited and the knowl-
edge about the molecular structure of water, ice and solid components of soil
was not so far advanced as it is in our days. Thus, it was perhaps for the first
time among the soil scientists that Petit (1893) found out that the water in
soil first goes through the stage of subcooled water before the actual freezing.
The subcooling occurs in clay soils at lower temperatures than in sandy soils,
and the relative proportion increases as the amount of water decreases. Petit
confirms, »dass die Unterklihlungstemperatur des Bodenwassers um so tiefer
gelegen ist, je grosser die Energie, mit welcher dasselbe seitens des Bodens
festgehalten wird». In the same Wollny’s annal, Ulrich (1897/98) points
out the significance of salt concentration on the freezing point of soil water,
and notes that different salts affect the soil differently. Thus, he wonders
what the real effects of salt concentrations on the subcooling of soil water are.

Wollny’s own paper on soil frost (1897/98) deals with the effects of frost
on the physical properties of soil. The number of papers he has written for
the whole series is in its entirety very large and in this respect it is surprising,
how thoroughly he has studied also this subject. In this study Wollny con-
centrated on six main categories of effects of soil frost:

The effect of frost on:

1. the strength of soil
2. the volume changes of soil
3. the structure of soil
4. the air permeability of soil
5. the water permeability of soil
6. the amount of water in soil.

The earliest Finnish studies on frost have been written by Lemström
(1893) and Homen (1893, 1896, 1897). Homen’s work from 1893 only partly deals
with the freezing of the soil, whereas in the books from 1896 and 1897 he has



248

published very accurate results of the measurements of temperature from a
period of eight years. He has studied the factors affecting soil temperature,
e.g. thickness of snow layer, amount of rain water and heat conductivity of soil.

The next Finnish researchers in the field of soil freezing were Keränen,
Kokkonen, and Simola in the 1920’5. Keränen’s (1920) dissertation study
mainly concerned with the measurements of temperature in snow and soil,
performed at a site in the north of Finland. Like the study of Homen (1896)
also this study attempts to explain the factors which affect the soil temperature.
He published a similar study three years later (Keränen 1923 a). Neither
study deals with the freezing phenomenon as a factor changing soil structure
but rather as a purely physical problem affected by various components. He
does not discuss the structural questions even in his other work of the same
year (Keränen 1923 b). Instead, he mentions in the conclusions the agri-
cultural significance of frost, e.g. its harmful effects on the sprout of rye, the
possibility of existence of snow mould on unfrozen soil, the fact that a deeply
frozen soil warms up more slowly than less frozen soils and its effects on the
change of soil volume.

Simola (1923, 1926) explained the formation and thawing of frost and
he studied the effects of ditching on the thickness of frozen layer and
the speed of freezing. Problematic questions have been the depth of frost in
ditched fields and the thawing of frost in different conditions. Homen (1895)
once alleged that a considerable part of the frost thaws from below upwards.
Keränen (1920) and Simola (1923) claimed, on the contrary, that in normal
springs the thawing from below is of minor importance compared to the thaw-
ing from the top. The actual situation in the field depends, however, very much
on the weather and soil type (Simola 1926).

It is understandable that the agricultural researchers were not in the
beginning of this century very much interested in the structural problems of
soil. Soil structure was not a problem in the sense it is nowadays. It was
more important to prevent the damaging effects of frost on plants and find
the means to minimize those damages. Thus, Simola (1930) states that in the
cultivation of plants, one should strive to make the plants more resistant to
the damages caused by the changes of temperature during winter and spring.

The papers of Kokkonen were more geotechnical than those of the others
mentioned. In the paper from the year 1926 he introduces the well known
classification of different soil frost types. The same frost types were already
mentioned in short in the study on the effects of frost on ditches (Kokkonen
1924).

It is interesting that Keränen (1924) in a short article mentions that soil
frost has a favorable effect on soil structure and, therefore, it is recommendable
to plough the fields already in the autumn, although he does not seem to have
studied this question more deeply. It is likely that the phenomenon was re-
garded as self-evident. However, Kokkonen (1929) states that the effects of
soil frost were worth studying not only on one but on all the soil types. Ac-
cording to him, theoretical explanations about the forming of soil frost should
also be included in these studies.

In spite of Kokkonen’s (1929) statement, soil frost was not studied very
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intensively in the 1930’5. The next study concerning particularly soil frost
was the one published by Juusela in 1941. The main aim of this study was to
study the effects of draining of cultivated fields on the freezing and thawing.
So did the later, much wider dissertation work from the year 1945 (Juusela
1945) which was similar to the work of Simola (1926). Kokkonen (1942)
presented some general observations of the effects of winter on the fields in
a Finnish farm. In addition to Juusela (1947) the problem concerning the
resistance of drainpipes against soil frost has been discussed also by Keso
(1951).

As a structural problem soil frost has been discussed in Finland by Sillan-
pää (1961). In the same year he published a short paper with Webber
(Sillanpää and Webber 1961). In all these papers the soil was treated as small
crumbs and the effects of different freezing treatments on the crumb stability
was examined. In the same decade, Andersson (1964) published in Sweden
a study which concentrated mainly on the formation and thawing of soil frost.

Geotechnically interesting studies on soil frost are those of Soveri and
Johansson (1966) as well as Soveri and Varjo (1977). The former contains
some observations on freezing and thawing of soil frost on different soil types
during the period 1958—1964. The latter is a more thorough report on the
factors affecting the penetration of frost into soil. This study is based on a
wide material collected by the Hydrological Institute. Both these reports
concentrate in the analysis of the effects of soil frost depth and in both studies
efforts are made to develop a formula to determine the depth of the frost on
the basis of some primary values.

As seen above, the number of the studies on soil frost, as far as its effects
on soil structure is concerned, is in Finland not very large. Indeed, this may be
one reason why soil frost normally is understood as the thickness of the frozen
layer existing in the winter. There is also a common view that the disruptive
effect of soil frost on the top layer of soil is only beneficial without any nega-
tive influences. Its effect on the soil apparently is more often positive than
negative and thus Kokkonen (1944) states, probably by experience, that »the
cultivation of the heavy clay soils in Finland would be impossible without
the effects of soil frost, because without frost it would be difficult to get a
good and friable structure on the soil».
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B. Field experiments

I Measurements of soil temperature and frost depth

During the winters 1971 —7B different measurements of the depth of soil
frost were made at two sites in the south of Finland: in Helsinki (60° 14' N)
and Kiikala (60° 27' N). In addition to these measurements also the soil
temperatures at different depths were followed. The main aim of these meas-
urements was to establish the effects and class of magnitude of the factors
which cause the soil to freeze and what their lasting period is normally in
natural conditions in the field. The measurements made in different years
were not identical and the procedures could be changed according to the need.
Therefore, only part of the results have been presented in the following.

The experimental fields both consisted of a rather light clay soil. In the
experimental field of Helsinki the clay content (< 2

(
am) was 31 %, the content

of 220 size fraction was 23 % and that of 20 200 /im 44 %. The corre-
sponding figures of the experimental field of Kiikala were 38 %, 36 % and
24 %. Particle size composition was determined by the method of Elonen
(1971). The organic carbon contents estimated by the wet combustion method
by Graham (1948) were 3.0 % and 2.8 % respectively. All the figures given,
represent the values of ploughed layer.

The measurements of soil and air temperatures were made by the thermo-
graphs madeby Lambrecht. The depth of soil frost was followed by the methylen
blue method developed by Gandahl (1957). The air temperature was measured
in the Kiikala experimental field with a thermograph placed on the ground in
the field. In the field of Helsinki it was measured in a specific weather ob-
servation box two meters above the soil surface. The box was located about
200 m from the experimental field.

In the experimental field of Kiikala the soil temperatures of unploughed
field were followed during the winter 1971—72. The measurements were made
at four depths (Fig. 1). According to the curves of the thermographs, the
temperature had sunk during the winter about 40 times below zero on the soil
surface. In the autumn, the number was 33 and in the spring 9. Most frequently
the sinking of temperature occurred in the autumn in October-November and
in the spring in April. Figure 2 shows the daily variations of the temperatures
during the periods of Oct. 10th to Nov. 18th and April Ist to 30th in the air,
at the soil surface (D 0) and at the depth of 2.5 cm (D25).

Almost regularly, the maximum temperature of soil surface has been both
in the autumn and in the spring higher than the maximum air temperature.
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Apparently, the difference between these maximum temperatures would have
been greater if the soil surface temperature had been measured in the ploughed
soil. It was, however, not possible because of the lack of measuring elements.

It is worth noticing that the soil surface temperature has risen markedly
after the thawing of the soil surface frost on April 10th. Up to that time it
stayed quite close to zero, even though the air temperature was not very
much above zero. The occasional lowerings of the air temperature below zero
after April 10th seem not to have caused the soil temperature at the depth of
2.5 cm (D 2 6 ) to sink below zero any more.

Another important point in these results is the great daily variations of soil
surface temperatures. As is seen in Figure 2b, after April 10th there are at
least 12 days when the daily variation of temperature has exeeded 14 degrees.
On eight days out of these 12 days the temperature has sunk below zero. It
is obvious that these great daily variations of temperature of the soil surface
will have some tillering effect on the soil surface, particularly in the cases the

Fig. 1. Air and soil surface temperatures measured in the experimental
field of Kiikala in the winter 1971 1972. D 0 = depth of measurement
0 cm, D 2 5 = 2.5 cm, D l2 5

= 12.5 cm and D35
= 35.0 cm. The values

given, represent the mean values of four measurements during the day
made at six-hour intervals.
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temperature sinks below zero. Thus, it has been pointed out by Czeratzki
(1956, 1971) that the ice needles in the surface of the soil makes the soil fri-
able when lifting up the soil. The friable effect will be strengthened if the
climatic situations are favorable to the sublimation of ice which diminishes the
amount of water forming by thawing.

Fig. 2a. Diurnal maximum and minimum temperatures of air, soil
surface (D 0) and the depth of 2.5 cm (D 2 6) in the unploughed experi-
mental field of Kiikala during the period of Oct. 10th to Nov. 18th, 1971.



Fig. 2b. Diurnal maximum and minimum temperatures of air, soil
surface (D 0) and the depth of 2.5 cm (D a 5) in the unploughed experi-
mental field of Kiikala during the period of April Ist to April 30th, 1972.

253
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According to Figures 2 a and 2 b, the great variations of temperatures
seem to be limited to a very thin soil layer on the surface. At the depth of 2.5
cm the greatest difference between the maximum and minimumtemperatures
in April was about 10° C (April 15th). On the same day it was on the surface
29° C. And in spite of the temperature of air having sunk some times even
below —s° C after April Bth at which time the temperature at the depth of
2.5 cm rose above zero, it did, however, not sink back to this temperature any
more.

It is possible that the structure of the ploughed clay soil in the spring may
partly be due to these variations of temperatures. This is suggested particu-
larly by the rather thin aggregated layer on the ploughed surface; even when
thickest, it hardly exeeds 1.0—1.5 cm. But below the aggregated layer the
size of the soil clods increases very quickly.

In the experimental field of Helsinki the temperatures in both the
umploughed and the ploughed field were followed in the winter 1972 1973.
Also the results of the frost depth are now given (Fig. 3). Analogically to the
results of the preceding winter, the thawing of soil frost immediately affects
the soil surface temperature to increase. Whether the soil was ploughed or not
had no influence, but the temperatures in the ploughed and unploughed plot
were with an accuracy of one degree the same from March 26th to April 28th.
The soil surface thawed on March 26th and the measurements were finished
April 28th. In the deeper soil layers the ploughed soil was, on the contrary,
colder than the unploughed and, therefore, the thickness of the frozen layer
was also in the ploughed plot greater. Evidently, this is the reason why the
soil frost thawed on the whole about one week later in the ploughed plot than
in the unploughed. The thinner frost layer in the unploughed plot apparently
is due both to the insulating effect of the stubble itself and also to the fact
that the stubble effectively keeps the snow on the soil surface.

The measurements made in Helsinki in the winter 1974 1975 showed
clearly the effect of straw layer on the depth of frost (Fig. 4). This winter was
rather mild. The average temperature of the coldest month, February, was in
Helsinki —2.o° C. Therefore, the frost did not penetrate even in the ploughed
soil very deep. Nevertheless, the effect of soil cover was clearly to be seen.
Also this winter the frost penetrated deepest into the soil in the ploughed plot.
When the depth was measured from a place, where in addition to the stubble
also the windrow after combine was left, the depth of frost could be observed
to be remarkably lower than in the ploughed plot and in the plot, where there
was no windrow (cf. Andersson 1964).

The soil freezing began that winter in the ploughed plot about three weeks
earlier than in the stubble plot. Between the stubble plot and the windrow
plot there was a time interval of one week. But, in spite of the frost depth
being the greatest in the ploughed plot, it thawed at the same time as the frost
from the stubble plot, whereas the frost from the windrow plot thawed on the
whole about one and a half week later though its frost depth was the lowest.

As far as soil warming is concerned, it seems that the frost depth alone is
not a decisive factor, but also how effectively the soil is able to warm up, and
thereafter how fast the frost thaws. If the soil is covered with some type of



insulator it effectively prevents the heat from penetrating into the soil and,
thus, makes the thawing of even a low frost layer slow. Therefore, the thawing
of the frost in a ploughed field is not necessarily slower than in an unploughed
field, although it may have penetrated deeper (Agerberg 1948).

Fig. 3. Temperatures of air, soil surface (D 0), and the depth of scm
(D 5), the frost depth in unploughed and ploughed field in the
experimental field of Helsinki during the period of Nov. Ist, 1972 to
April 20th, 1973. The temperature values are calculated as in Fig. 1.

255
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II Field tillage observations

It is probable that in determining the soil structure and particularly that
of seedbed the depth of frost has a minor effect on it. The structural changes
which are important for tillering will take place primarily on the top of the soil
and only few drastic changes take place in the deeper soil layers.

The rains and wind strive to even up the rough field surface caused by
ploughing. Both in the Kiikala and Helsinki experimental fields a
simple experiment was set up in the winter 1974 1975 to follow the changing
of the surface profile of the ploughed field (Fig. 5). The distance from the soil
surface to a horizontal slab above the soil was measured. The sharpest edges
of the furrows have become clearly smoother, whereas the holes between the
furrows are filled. The effect of the winter apparently is, however, not only
limited to the smoothing effect of the very surface, but the water formed by
thawing transports some soil material to deeper layers, too. Some of the soil
material movement probably takes place also by rolling (Henriksson 1971). The
levelling of the ploughed soil surface thus causes the large holes to be filled in
the ploughing layer and remarkably change the porosity properties during the
winter.

To inspect the effects of different coverings on the tillage properties of
soil, a field trial was set up in the winter 1977—1978 in the Helsinki
experimental field. In this trial, an area of 6.8 X 9.5 m 2 was divided into 16
experimental plots. The trial consisted of four different treatments which
were: i) a normal ploughed field, ii) a normal ploughed field, but the snow was
removed during the winter, iii) the ploughed field was covered in the autumn
with a transparent plastic iv) the ploughed field was covered in the autumn
with a straw layer of 15 cm in thickness. The depth of soil frost and the
temperatures were not followed in this experiment.

Fig. 4. Depths of soil frost (cm) in the experimental field of Helsinki during the winter
1974—1975. x x indicates depth of frost in ploughed field, . . in unploughed
field, and o o in unploughed field, beneath a straw layer, 20 cm in thickness.
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In the autumn about 250 g of soil was taken from each experimental plot
and let to dry at room temperature. The soil samples were taken from plough
layer. The same amount of soil was taken also in the spring immediately
before the tillering was started and it was also let to dry at room tempera-
ture. The dry soils were broken by hand as cautiously as possible to pass a
20 mm sieve. From each lot 50 g was taken for a dry sieving analysis. The
procedure was equal to that used later in this work (p. 270).

When the percentage proportion of the total soil content sieved of the
aggregate size fraction < 1 mm is the criterion of the hardness of the soil, the
following results were acquired (v represents the samples taken in the autumn):

i ii ivlii v

20.2° 20.6° 34.7 b 33.0 b 40.0» *)

•) Means followed by a common letter do not differ at P= 0.05.

The samples collected in the autumn have broken down to a significantly
smaller extent than those taken in the spring. The results clearly show also
that the coverings only have had a negative effect on the soil as far as aggregated
structure is concerned. The covers also made both the thawing of the frost and,
naturally, the drying of the soil slower. In all the experimental plots covered
with straw, there still was on May 10th, which was the time tillering was
started, some ice on the soil surface. It seems thus that the treatment where
no special procedures were applied had the most beneficial effect on the soil
structure.

Fig. 5. Horizontal profile of ploughed experimental fields of Kiikala and Helsinki in the
autumn 1974 (x x) and spring 1975 ( ).
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11l Effect of freezing in field and laboratory on soil water retention

In connection with the field experiment in Helsinki in the winter
1974 1975 when the deformation of the profile of ploughed field was followed,
a series of undisturbed soil samples was also collected. The purpose of these
samples was to study, whether it was possible to find the same effects on the
soil by freezing in the laboratory as by natural freezing in the field. It was
supposed that the changes caused in the soil structure in the field probably
would be seen in the water retention properties.

The procedure of the experiment was as follows:

Forty-two cylindrical soil samples were collected from an area of 1 X 1 ma in the autumn
1974. The field was unploughed. The size of samples was 100 ml, 5,3 cm in diameter, and
they were taken from the depth of 0— 5 cm. The samples were treated for the water retention
analyses with the following procedures:

1. Determination of the water retention curve immediately after the uptake.

2. Freezing in the laboratory:
a. Freezing at the water potential of —0.06 bar and at the temperature of —s° C.
b. Freezing at the water potential of —0.06 bar and at the temperature of —ls° C.
c. Freezing at the water potential of —0.34 bar and at the temperature of —s° C.
d. Freezing at the water potential of —0,34 bar and at the temperature of —ls° C.

3. Wetting and drying at room temperature.
In addition, some of the samples were kept in the field during the winter, either in an open

box or in a half closed box.

The samples (1) were moistened with the capillary procedure of Hartge (1965) on a wet
foamy plastic to the water potential of —O.OOl bar. The wetting time was three weeks.
The water retention curve was determined thereafter with the pressure procedure of Richards
(1948).

The samples (2) were first moistened to the potential of —O.OOl bar and dried thereafter
in the pressure chamber on ceramic plates to the potential decided. After equilibrium the
samples were brought to the freezing temperature. In order to prevent sublimation they were
sealed with a plastic cover. After a 3.5 —day freezing period the samples were brought to the
temperature of +s° C and let to thaw for another 3.5 days. This procedure was repeated 15
times and the water retention curve was determined thereafter.

The samples (3) were first let to dry at room temperature until they were air dry. There-
after they were moistened with the method described above to the potential of —O.OOl bar.
The moistening time was 3.5 days taking place at the temperature +s° C. The subsequent
drying period lasted another 3.5 days and was performed at room temperature. This moistening-
drying procedure, too, was repeated 15 times, before the determination of water retention curve.

The samples kept in the field during the winter were put into the Buchner funnels, ca. 14 cm
in diameter. The funnels were placed on the soil surface and half filled with coarse gravel
to ensure escape of excess water. Half of the samples were covered with a wide plastic cylinder
with several holes all over. The purpose of these holes was to make possible the free air move-
ment around the sample. The other half of the samples were left in the funnels as such without
any cover and it was thus possible that the rain hurt them. These samples were not taken
into consideration when determining the water retention properties, because some of them,
particularly those kept in the closed plastic cylinders, were so fragile that breakdown was im-
possible to avoid.

In the spring 1975 new samples were taken from the same field to compare the effects
of winter with the artificial treatments described above. For some of these samples the water
retention curve was determined immediately after the samples were brought from the field
and moistened to the potential of —O.OOI bar (treatment 4 a). The rest were first let to dry
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at room temperature until they were air dry and thereafter moistened to the same potentia
for the water retention curve determination (treatment 4 b).

Contrary to expectations, both the winter and the laboratory treatments
have diminished throughout the water contents retained at different soil moisture
potentials (Table 1). The untreated samples taken in the autumn have retained
significantly more water than any other samples. The samples taken in the
spring, instead, seem to have retained about the same amount of water as
those frozen or wetted-dried in the laboratory. On the whole, it seems that the
samples frozen at a higher water potential (2 a and 2 b) have retained slightly
more water than those frozen at a lower water potential (2 c and 2 d). The
treatment (3) (wetting-drying) resembles those where freezing has taken place
at a lower water potential.

Table 1. Soil moisture contents {%, w/w) of the cylindrical samples taken from the experi-
mental field of Helsinki at different soil water potentials (bar) after different freezing treat-
ments.

Treatment —O.OOl —O.Ol —0.02 —O.l —l.O

1 34.8» 32.6» 31.6» 29.1» 26.6»
2 a 32.4» 30.7» 30.3» 27.9» 25.0»
2 b 32.4» 30.6» 30.1» 27.6» 25.0»»
2 c 32.1» 28.6» d 28.5»d 26.6» 24.5»»
2d 31.7» 29.2» 28.3 d 26.4» 24.4»»
3 29.1» 27.7 d 27.6 d 26.0» 23.1 d
4 a 29.8» 28.9»d 28.3 d 26.0» 24.0»
4 b 31.4» 30.2» 29.5»» 26.6» 24.0»

(treatments: see the text)

Means in each column followed by a common letter do not differ at P = 0.05.

The effects of freezing temperatures on the water retention properties were
similar at both moisture levels.

If the retained water contents are expressed as volume percentages (v/v),
the basis of the volume being in this case the volume of the sample at the
moment of taking, the order of magnitude of the figures will change (Table 2).
The water contents of the samples taken in the spring seem to have been almost
in every case greater than those of the autumn samples. This is natural as the
spring samples were at the moment of taking significantly drier than those
taken in the autumn (moisture content of the spring samples was 19 % and the
autumn samples 50 %). Thus their weights of volume were quite different,
too: 1.39 and 1.20respectively. The order of magnitude of the water retention
effectiveness of the samples taken in the autumn has not changed from those
given in Table 1.

A general tendency seems to have been that neither the wetting-drying
treatments nor the freezing treatments have increased the amounts of water
the soil is able to retain at the potentials studied. The amount has rather
diminished. But, on the other hand, the diminishing of the water content has
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Table 2. Soil moisture contents (%, v/v) and air spaces (volume-%) of the cylindrical samples
taken from the experimental field of Helsinki at different soil water potentials (bar) after
different freezing treatments.

-0.001 -0.02 -0.1 -1.0
Treatment

Soil moisture content (%, v/v)

1 41.8»» 37.9» 34.9» 31.9»
2 b 38.9»» 36.1» 33.1» 30.0»
2d 38.0» 34.0 d 31.7» 29.3»»
3 34.9d 33. l d 31.2 d 27.7»
4 a 41.4» 39.3» 36.1» 33.4»
4 b 44.3» 41.8» 37.4» 33.4»

Air volume (% of vol.)

1 13.0» 16.9» 19.9» 22.9«b

2 b 16.5“b 19.3» 22.3» 25.4»b

2 d 15.7»b 19.7» 22.0» 24.4»b

3 20.0» 21.8» 23.7» 27.2»
4 a 6.1» 15.6» 18.8» 21.5»
4 b 5.7» 8.2» 12.6» 16.6»

(treatments: see the text)

Means in each column followed by a common letter do not differ at P = 0.05.

increased the air volume in the sample (Table 2). The samples taken in the
autumn and frozen or wetted-dried seem to have had a slightly larger air
volume than the untreated samples (1). In practice this apparently means that
some fissures are formed into the samples because of the effects of the treat-
ments and they are not capable of retaining water even at the highest water
potentials. In other words, this would mean that the soil structure had im-
proved, as far as the air volume is concerned.

The air volume of the samples taken in the spring has been, particularly
at the highest water potentials, remarkably lower than of those taken in the
autumn, this being generally due to the volume changes of the soil. This
would mean that the structural properties, instead of improving during the
winter, get worse. It is probable that the volume changes due to the water
content to some degree, at least, eliminate the structural changes that take
place in the soil because of freezing. Another factor connected with this,
also acting as an eliminating agent, is the water formation as a result of thawing
of ice. The mutual effect of these two factors can be seen from the figures of
the treatments 4 a and 4b. If the sample taken in the spring was let to dry
(4 b) before the determination of the water retention curve, its air volume
would remain smaller than that of the samples 4 a, where the water retention
curve was determined immediately after the samples were taken.

The dissipating effect of excessive amount of water, either as a result of
thawing or added afterwards, could be seen in the samples kept in the field
during the winter. The fragility, particularly of those kept in closed plastic
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cylinders, indicated that the effects of freezing may be extremely clear if the
effects of rain and excess water are eliminated. According to this, it can be
expected a reason for the results to be the processes taking place in a closed
system (Taber 1930). This makes it possible for the thawing water to eliminate
the cleaves formed by freezing.
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C. Studies in the laboratory with collected samples

I Research material

In the autumn 1973 several soil samples were collected from the south of
Finland for laboratory analyses. After preliminary analyses, eight samples
were chosen for the proper analyses. Each of these eight samples was taken
from the plough layer. All except one were from a field where some type of
cereal was grown in the preceding summer. One sample was from a sugar
beet field.

1. Selection of samples
An essential criterion for the selection of samples was to find for the analyses

soils in which the structural effect of freezing would be obvious. Therefore,
these eight samples do not contain any bog soils or any sandy and fine sandy
soils. Another criterion was to find samples which would make it possible to
compare the effects of freezing between two different soil types. As a result,
two soil type groups were decided to be taken for the analyses, one with a high
clay content and the other with a lower clay content but a rather high silt
fraction content.

In the very beginning of this study it became evident that the analyses are
very laborous and time-consuming. Therefore the number of samples for the
analyses had to be restricted and, as a consequense, their number is limited to
eight, which allows some comparative analysis between the two soil type
groups.

2. Collection of samples and primary analyses
The samples were collected into big plastic bags and let to incubate in those

bags for one month at room temperature. After incubation they were taken
out as big clods and slowly let to dry. After drying the clods were broken to
pass a 10 mm sieve. The primary chemical and physical analyses were made
with this broken material. The following methods of analysis were used:

The organic carbon content was estimated by wet combustion (Graham 1948).
The pH of the soils Was measured in a 0.01 M CaCl 2 suspension (Ryti 1964).
The particle density was determined by the pycnometer method keeping the soil for a short

time in gently boiling distilled water (Blake 1965 b).
Particle size analysis was made by the pipette procedure developed by Elonen (1971).
The water retention curves (Fig. 6) were determined by the pressure procedure. The water

contents at the soil moisture potentials of —O.OI to —3.2 bar were determined by the ceramic
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plate method of Richards (1948). The water contents at the potentials of —7.9 to —15.0 bar
were determined from suspension by the pressure membrane method (Richards 1949) after
the soil was submerged for three weeks (Heinonen 1961). The wetting procedure before the
determination of the water contents at higher water potentials was the capillary procedure of
Hartge (1965).

In order to compare the means of the results obtained, Duncan’s (1955)
test was applied at the 95 percent confidence level. Significant differences
between the quantities reported in the tables as means of the treatment rep-
lications are marked down as the upper index letters of each quantity. Those
quantities that do not have the same letter in the upper index deviate from
each other at a confidence level of 95 percent. The quantities compared are
marked down in each table tested by the Duncan method.

3. Classification of samples
The eight soil samples were divided into two soil type groups primarily

for the comparative inspection of the results. The four samples, where the
clay fraction content was above 60 %, are called in this study heavy clay soils
(C-samples). In the other group (S-samples) the clay fraction content ranges
from 35 to 42 %. These samples are called silty clay soils. Furthermore, in
each group the samples are numbered from 1 to 4 according to the increasing
amount of organic carbon.

When comparing the mutual properties of the heavy clay samples, one can
see that the clay contents of the samples C 1 and C 4 are quite similar (Table
3), but the organic carbon contents differ. On the other hand, the organic
carbon contents of the samples C 2 and C 3 are similar, while the clay contents
differ. All except C 2 are quite acid soils. The sample C 2 is taken from a

sugar beet field.

Table 3. Characteristics of experimental soils.

Sample Org. C Particle Particle size fraction %
No. % pH density <2 2-6 6-20 20-200 >2OO

C 1 2.5 5.5 2.69 68 10 8 9 5
C 2 4.4 6.9 2.62 62 13 11 12 2
C 3 4.9 5.2 2.66 75 7 4 10 4
C 4 6.7 4.9 2.57 72 8 7 8 5

S 1 3.3 5.2 2.71 33 32 20 12 3
S 2 3.7 5.0 2.65 34 33 20 11 2
S 3 6.3 6.4 2.62 45 33 11 6 5
S 4 7.8 4.6 2.48 33 30 20 12 5

Of the silty clay samples S 3 has the highest clay content and its pH is also
the highest. All the other samples have a very similarclay content. The samples
S 1 and S 2 contain quite a small amount of organic carbon, whereas S 3 and
S 4 are rich in organic carbon.



The water retention curves of the heavy clay samples are quite similar in
shape, the percentage water content increasing at a certain water potential
according to the organic carbon content (Fig. 6). The shapes of the particular
curves among the silty clay samples are on the contrary less similar than
among heavy clays. The influence of the organic carbon content on the water
retention properties, particularly at the highest water potentials, is remark-
able.

II Effect of freezing and wetting-drying on water retention
of disturbed soils

The results of the water retention analyses of the undisturbed samples
from the field showed that the freezing or wetting-drying treatments did not
increase the water content even at the highest water potentials, rather the
contrary, the water content diminished. As this result was supposed to be
due to the natural structure of the undisturbed samples, a decision was made

Fig. 6. Soil water retention curves of heavy clay
(a) and silty clay (b) samples.
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to study the effects of freezing on disturbed samples. Therefore, two different
experiments were set up. The purpose of these experiments was to check,
whether the effects of freezing and wetting-drying treatments were similar to
those described above when the natural structure of the soil has been disturbed.
In the first test the soils were suspended and the treatments employed were
freezing and wetting-drying. In the second test the soils were only ground.

1. Effect of freezing and wetting-drying treatment
on water retention of suspended soils

The experiment procedure was as follows:
Six hundred grams of air dry soil Was thoroughly suspended with 600 ml of water by mixing

with a glass rod. The suspension was allowed to stand for one day before pouring it on a sintered
glass filter (pore size G 4). The height of Water head Was established to respect the moisture
potentials of —O.Ol bar and —O.l bar respectively. The method Was equal to that of Ausa
(1975). The sample was let to stand on the filter until equilibrium was reached. For the silty
clay samples the time was about one and a half days and for the heavy clay samples three
to five days. During this time the soils were covered with a piece of plastic to prevent evap-
oration.

When equilibrium was reached, soil slices 1 cm in thickness and 3x3 cm 2 in area were
cut from the soil on the filter and these slices were used for the treatments.

The treatments were the following:

1. Determination of the water retention curve of untreated slice.

2. Wetting-drying treatment. The slice was wetted on foamy plastic to the water
potential of —O.OOl bar. The wetting time was 3.5 days after which the soil was allowed
to dry at room temperature for another 3.5 days. The procedure was repeated five times.

3. Freezing treatments at the water potentials of —O.Ol and —O.l bar. The freezing
temperatures were —s°, —ls°, —2s°, and 35° C. The length of the freezing period was
3.5 days, after which the samples were brought to thaw at the temperature of +s° C for
3.5 days. To prevent evaporation, the freezing boxes Were closed during the freezing. The
number of cycles was also five.

After treatments 2 and 3 the slices were put on foamy plastic for three days for moistening
to the potential of —O.OOl bar. The water retention curve was determined thereafter.

The water retention curves ranged from —O.Ol bar to —l.O bar, but the
results given in Table 4 represent only those of —0.02 bar and —O.l bar.
The differences between the results of different treatments were no more
significant at lower water potentials, but the changes appearing in the
samples as a result of the treatments are perceptible only at rather high water
potentials. This result seems therefore to be in good accordance with the results
recieved from the undisturbed samples.

Analogical to the former results are also those where the water contents
almost regularly seem to have diminished because of freezing or wetting-drying
treatments as compared to the untreated samples. The effects of freezing
temperatures have been also very similar in both soil type groups in spite of
these being fairly different. The results of the freezing treatments in Table 4
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Table 4. Soil moisture contents (%, w/w) of the suspended soil samples at the soil water
potentials of —0.02 and —O.l bar after five cycles of freezing (—s° C) or wetting-drying
(w—d) treatments. The freezing procedures were performed at the water potential of —O.l
bar. O = untreated sample.

-0.02 -0.1
Sample

0 w-d —s° C 0 w-d —s° C

C 1 47.0» 45.3»» 42.6» 43.8» 40.4» 40.1»
C 2 52.5» 50.0»» 48.4» 50.0» 46.4» 46.1»
C 3 52.8» 51.2» 50.4» 49.3» 48.3» 48.3»
C 4 68.7» 62.7»» 59.4» 62.8» 53.2» 50.9»

S 1 44.2» 42.3»» 39.6» 42.0» 39.0» 37.8»
S 2 48.7» 46.7» 43.8» 45.0» 45.2» 42.1»
S 3 54.6» 49.8» 45.3» 51.2» 47.1» 43.2»
S 4 54.3»» 55.8» 52.6» 51.5»» 52.2» 50.0»

Means in each line under the same water potential followed by a common letter do not
differ at P = 0.05.

are therefore from the —s° C freezing only, because it most likely represents
the temperature existing in the field in winter. Neither have the moisture
potentials had different effects on the water contents retained at the given water
potentials. Therefore the results are given only for the —O.l bar.

The result seems thus to be that the freezing and the wetting-drying
treatments have caused the soil to lose its capability to retain water at
high water potentials. The results show a slight tendency the freezing treat-
ments to be in this sense a little more effective, particularly at the potential of
—0.02 bar, but the differences are in most cases statistically insignificant.

Reduction of the water contents as a concequence of the treatments is well
understandable in this experiment. The wet soil on the sintered glass filter the
soil slices were cut from was rather loose, even after the equilibrium. Therefore,
the positioning of the individual soil particles may have been in certain degree
instabile. Both of the processes apparently have disturbed this instability and,
as a consequence, the particles have moved tighter together. This means that
the soil has become more dense, but on the whole this more probably means
formation of larger cleaves not capable to retain water but filled with air.
Those cleaves were in fact to be seen in these soil slices and more in the frozen
than the wetted-dried specimens.

2. Effect of freezing on water retention of fine
ground soils

The aim of this test was to find out, whether the water retention properties
of ground soils differ from those of suspended soils as far as the effects of
different freezing treatments are concerned. Partly this test was similar to that
dealt with in the previous chapter, but in addition the effect of the freezing
cycles was studied, not the effect of wetting-drying treatment.
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The experiment procedure was as follows:
Fifty grams of air dry soil ground to pass a 2-mm sieve was taken for each treatment. One

third was poured into a 100 ml metal cylinder (53 mm in diameter). One third of the amount
of the water needed for the soil water potential of —0.06 bar was dropped on the soil. The
water was spread as evenly as possible all over the soil. Another third of the soil content was
put into the cylinder and the corresponding amount of water. This Was repeated once more. The
cylinder was covered to prevent evaporation and the moisture was allowed to reach equilibrium
for one day at room temperature.

After one day the samples were compacted with a pressure of 0.5 bar to ensure a structure
as homogenous as possible and allowed to stand thereafter for another two days at room tem-
perature before the freezing treatments were started.

The freezing temperatures were —s°, —ls°, —2s°, and 35° C. The moisture content at
freezing respected the water potential of —0.06 bar. The freezing treatments were:

1. Three and a half days in a freezing chamber and another 3.5 days in a +s° C room for
thawing.

2. The same as treatment 1., but the number of cycles was 5

3. The same as treatment 1., but the number of cycles was 15.
In all cases the treatments took place in tightly closed cylinders. After the last thawing

the cylinders were placed on foamy plastic to get moistened. The water retention curve was
determined thereafter.

As was the case with soil suspensions, the effects of freezing on the water
retention properties appeared also in the ground soil samples only at rather
high soil water potentials. Therefore, because the results for —O.Ol and
—0.02 bar were analogous to those of —O.l bar, the numerical results have
been presented only for the latter (Table 5). No significant differences between

Table 5. Soil moisture contents (%, w/w) of ground samples at the soil water potential of —O.l
bar after zero (0), one (1), five (5) and fifteen (15) freezing cycles at —s° C.

Soil sample 0 1 5 15

C 1 42.4» 40.5» 39.3° 37.8d

C 2 48.3» 45.8» 44.6» 44.4'
C 3 52.5» 49.8» 48.1' 47.6 d

C 4 52.0» 49.4b 47.9' 47.2'

S 1 40.6» 39.4» 37.9' 36.7 d

S 2 45.5» 44.6» 42.6' 40.9 d

S 3 51.8» 49.9» 47.7' 46.2d

S 4 58.6» 54.5» 51.3' 44.5d

Means in each line followed by a common letter do not differ at P = 0.05.

the effects of different temperatures could be observed and the results in Table
5 thus show only those of —s° C.

Also in this test the percentage of water content at the water potentials
given was without any exception diminished as a result of freezing when
compared with the water contents of specimens not frozen. The diminishing
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seems to be more effective as the number of freezing cycles increases. There
still exist significant differences between the water contents of samples after
five and fifteen freezing cycles.

Because it was not possible within these measurements to measure the air
volumes of the samples, it cannot be said with certainty, whether the total
pore volume has increased or not. The small fissures on the surface of the
specimens after the treatments indicate, however, like in the test with soil sus-
pensions that some compaction had taken place. This would thus mean that
a certain degree of increase of air volume due to freezing is possible. The fact
that the fissures were not so large as those in suspensions apparently is a
consequence of the compaction of 0.5 bar. After compaction the soil particles
have probably not been in as instabile a position as before and thus the mutual
movement of soil particles taken place as the consequence of the formation of
ice has been smaller than in soils as suspensions. The figures in Table 5 being
smaller in general than the corresponding figures in Table 4, apparently is
also due to compaction.

11l Effect of freezing on the stability of soil aggregates
The measurements in the field showed that the very surface of the soil is

subjected to the strongest effects of rains and changes of temperatures. The
compactness of soil surface, consisting particularly in the autumn clods,
crumbs and aggregates of very different sizes, therefore determines the soil
surface structure as caused by the above factors. For this reason it was well-
founded to study the resistance of the aggregates to stability tests after dif-
ferent freezing treatments.

The most common methods for measuring aggregate stability obviously
are the different sieving methods, i.e. wet sieving and dry sieving. When
studying the effects of freezing by employing these procedures, the result usually
has been a weakening of the aggregates because of the freezing treatments.
In those studies the soil has normally first been moistened to a certain soil
moisture content and thereafter frozen at a certain temperature once or several
times. E.g. Slater and Hopp (1949) moistened the soil to three different
moisture contents. The freezing temperature was —17.7° C and the number
of freezing cycles was one and five. The stability of the aggregates was ana-
lyzed by the wet sieving method of Bryant et al. (1948). Chepil (1954)
studied the effects of seasons on the structure of soil, and the method of
studying the aggregate stability was both the wet sieving method of Yoder
(1936) and his own dry sieving method (Chepil 1952).

Logsdail and Webber (1959) have also used the wet sieving method of
Yoder (1936) when studying the behaviour of frozen ( 26° C) soil after
freezing at five different soil moisture contents. The number of freezing cycles
was o—3 in their experiments. The same wet sieving method as such or modi-
fied has been used also e.g. by Willis (1955), Sillanpää and Webber (1961),
Saini et ai. (1966) and Bryan (1971). The method of Bryant et al. (1948)
has been used e.g. by Domby and Kohnke (1955) and Soulides and Allison
(1961). The method of Bouyoucos (1935) has been used by Bisal and Nielsen
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(1967) and Hinman and Bisal (1968). Meyer and Rennenkampff (1936)
have developed a rather gentle wet sieving method and a modification of this
has been used e.g. by Kaila (1952).

Both Yoder (1936) and Bryant et al. (1948) have aimed at developing
their methods to correspond to the effects of erosion caused by rain. In the
Finnish climatic conditions this type of erosion apparently has not so great
effects as in those parts of the USA, where the methods have been developed.
But, because different wet sieving methods are quite widely used in many
types of analyses, it has been included in this study, too, in order to make it
possible to compare these results with the other ones.

The dry sieving methods seem not to be as commonly used as the wet sieving
methods. The idea of this method is to simulate the mechanical strenght of
soil against different tillering operations. These methods have been employed
e.g. by Chepil (1962), Bisal and Nielsen (1967), Hinman and Bisal (1968)
and Toogood (1978). According to Chepil (1962), dry sieving is, in fact, the
only usable method in cases, where the differences between different factors
are small.

Water-dropping as a method of analysis is neither a very common method,
apparently due to its laboriousness. The scarcity of information achieved
by this method may also be one reason for the minor use of the method. It
seeks to clarify how the soil aggregetes withstand the breaking energy of rain
drops and what makes the soil become sludged. These factors are important
particularly in areas, where the rains tend to be very heavy.

Me Calla (1944) is one of the first researches to use the water-drop anal-
ysis as an analytical method. Later this method or some modification of it
has been used by Smith and Cernuda (1951), Kaila (1952), Low (1954) and
more recently by Sloneker et al. (1976) and Ghadiri and Payne (1977). An ap-
paratus for analyzing a larger amount of soil aggregates has been developed
e.g. by Sekera and Brunner (1943), Koepf (1956), Njos (1959) and Rose
(1960). Birecki et al. (1968) have introduced in their method book an ap-
paratus for analyzing a large series of soil aggregates.

In addition to the methods used reflecting the change in aggregate stability
as a result of freezing, Hinman and Bisal (1973) studied the change in the
percolation rate and Benoit (1973) the change in the hydraulic conductivity.
His study was based on an earlier study according to which ice formation
decreased the relative mobility of water and thereby increased the water re-
tention in silt loam (Benoit and Bornstein 1970).

1. Pre-treatment of aggregates for stability analyses
The interpretation of results by aggregate stability measurements is in

general easier when only one aggregate fraction size is under inspection than if
there were several sizes. According to Kemper and Chepil (1965) a big enough
aggregate size ensures a good representation of the material the aggregates
are taken from. On the other hand, it is obvious that when part of the aggre-
gates is left out of the analysis some information will be lost (Schaller and
Stockinger 1953).
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In this experiment only one aggregate fraction size was analyzed because
of the easier interpretation of the results. But by choosing a relatively big ag-
gregate size, 5 10 mm, the disadvantage of a small amount of soil analyzed
was avoided.

The pretreatments of the aggregates were as follows:

Twenty-five grams of sieved aggregates 5 10 mm in size were weighed into a 0.3 1 plastic
box. The aggregates were moistened with an atomizer to the water potentials of —0.06, —0.34,

3.2, and —15.0 bar respectively.
The freezing temperatures were —s° and —2s° C. In addition, there was a wetting-drying

treatment which instead of freezing included moistening of the aggregates to the corresponding
water potential as those frozen. The number of freezing/wetting-drying cycles was five. One
cycle included 3.5 days in a freezing chamber/in a +s° C room and another 3.5-day thawing
in a -f 5° C room/drying at room temperature. The aggregates were during the Whole freezing
treatment in a tightly closed box. The aggregates of the wetting-drying treatment were kept
at room temperature in open boxes, and in the +s° C room the boxes were closed. Before the
aggregates in this last treatment were brought back into the +s° C room they were moistened
anew to the initial water potential.

After five cycles the aggregates were let to dry at room temperature air dry before the
stability analyses were started.

Some of the samples were frozen also 25 cycles in addition to the five-cycle treatments.
All treatments included four replicates.

2. Methods of analysis
a. Wet sieving

Ten grams of air dry aggregates were taken into a 0.3 1 plastic box and moistened with an
atomizer to the water potential of —O.l bar. The moisture was let to equilibrate in a closed
box for one day before the sieving was started. The procedure Was a modified Yoder (1936)
techique. Also the Meyer and Rennenkampff (1936) method was experimented. In spite
of this procedure being more gentle than that of Yoder, the actual analyses were, however,
made by the latter procedure. This, because in the first place the water pressure in the pipe
lines was quite uneven in the laboratory and the number of percolations could change according
to the water pressure. Second, it was easier to control the water temperature with the method
of Yoder than with that of Meyer and Rennenkampff.

The sieving speed was 55 r/min. The stroke lenght was 4 cm and the time of sieving 3 min.
If the time was longer, the differences due to treatments disappeared. The series of sieves Was
5—2—1—0.5 mm. In the beginning of the sieving the aggregates were poured on top of the
sieves, these being in the uppermost position. In this position the aggregates were just below
the water surface. The temperature of Water was +2O°C.

b. Dry sieving
Ten grams of air dry aggregates were taken for sieving. The apertures of the sieves were

the same as in wet sieving. The sieving procedure was similar to that used by Elonen (1971)
in his particle size fraction analysis. The time of sieving was 1 min.

c. Water-drop analysis
The procedure was a modification of the method of Me Calla (1944). The aggregate to be

analyzed was placed on a screen of 1 mm in aperture. The height of drop falling from a burette
was 30 cm. The water used was distilled water and the size of drops about 0.05 g. Each
treatment included 32 aggregates.

The drops were let to fall down at intervals of 3—7 sec. This variation is due to the amount
of water needed to brake down the aggregate being expressed in milliliters of water instead of
number of individual drops, which procedure made the analysis somewhat less laborious. As



271

a consequence, it was not possible to keep the height of water head constant, but the range of
variation was 15 cm.

Two variations of dropping procedure were employed. In the first the aggregates were air
dry in the beginning of dropping.This procedure has been called in this study »dry aggre-
gate dropping». In the second the aggregates were moistened with an atomizer to the
water potential of —O.l bar about one day before the dropping was started and kept in closed
boxes. This procedure has been called »wet aggregate dropping».

If the aggregates did not break down after 32 ml of water was dropped, the analysis was
stopped.

3. Results of the stability analyses

a. Wet sieving
The results of the sieving analyses are expressed in percentage proportions

of the aggregate size fraction of < 1 mm from the amount of s—lo mm ag-
gregates sieved. Though this expression does not give information about the
distribution of different aggregate size fractions, it turned out to be both
simple and suitable to indicate the effectiveness of the treatments breaking
down the big aggregates analyzed.

In general, it seems that the differences between the effects of the treatments
measured by wet sieving have not been very remarkable (Table 6). It seems
obvious that the natural weakness of the untreated aggregates strongly has
determined the level the disruption takes place in each individual sample.
Thus, if the proportion of the < 1 mm aggregates has been in the O-treatment
rather low, as is the case with the heavy clay samples, the proportion of this
aggregate size fraction has been even after the strongest treatment rather low.

Table 6. Percentage proportion of aggregate size fraction < 1 mm achieved by wet sieving
the aggregates of s—lomm in size after five cycles of wetting-drying (w —d) or freezings at
—s° C or —2s° C at soil water potentials of —0.06, —0.34 and —3.2 bar. 0 represents the
value of untreated aggregate.

-0.06 -0.34 -3.2

w—d —5 —25 w—d —5 —25 w—d —5 —25
Sample 0

C 1 18»® 22ab® 25a» 32a 20bc 23 ab® 23 ab® 17»® 15° 14c

C 2 13 d 23ab 23 ab 28a 18»®d 12d 18»®d 21ab ® 17»®d 14®d

C 3 10 d 18bcd 27 b 31 a 22»® 16»®d 15®d 15cd 13 cd 12cd

C 4 5 e 10cd 13b 20a 10cd 10bc 13b 6« 7 d® 6®

S 1 64» 80a 75 ab 74ab 71 ab 67 ab 66» 65» 66» 66»
S 2 63» 74a» 85a 86a 67» 70» 69»® 50 d 48 d 52 d

S 3 48® 59» 69a 68a 61a » 49® 48® 53»® 47® 46®
3 4 47® 85»« 96a 90a» 77® 68d 81»® 48® 52® 54®

Means in each line followed by a common letter do not differ at P= 0.05.

A generally accepted view is that freezing of moist soil aggregates is more
effective than that of drier soil. In this experiment it seems that in heavy clay
samples the freezing at the potential of —0.06 bar has significantly increased



the proportion of < 1 mm aggregates achieved by wet sieving. At the potential
of —0.34 bar there seems to be a slight tendency the proportion to increase,
though the differences between these treatments and the 0-treatment have not
been significant in all cases. Freezing at lower potentials has not had any in-
fluence.

In silty clay samples S 1—S 3 the moisture content has been only at the
potential of —0.06 bar high enough to ensure the aggregating effect of freezing.
In the sample S 4 high in organic carbon content, 7.8 % also —0.34 bar
has represented a water content high enough for a positive effect of freezing.

Freezing at —15.0 bar potential had no disruptive effect on any sample.
The effects of the temperatures seem to be very similar, particularly

the effects on the silty clay samples. In heavy clay samples there is some
tendency for the disruptive effect of —2s° C to be slightly stronger than that
of —s° Cat the potential of —0.06 bar.

In literature there is a common view about the certain similarity of the
effects of freezing and wetting-drying procedures, and the results achieved
here agree with the opinion. As is the case with freezing, its aggregating effect
is most conspicuous at the —0.06 bar potential in all the samples and in the
heavy clay samples it is slight also at the potential of —0.34 bar. It seems thus
that the water potential is more decisive for determining the proportion of
< 1 mm aggregate size fraction than the procedure of treating the aggregates,
whether it is wetting-drying or freezing.

The procedure of 25 freezing cycles was applied only to the heavy clay
aggregates and the water potentials during the freezing were —0.34 and —15.0
bar. The wetting-drying treatment was not used. Also in this test freezing at
the —15.0 bar potential had no disruptive effect on the 5 10 mm aggregates.
But by increasing the number of freezing cycles from 5 to 25 at the water
potential of —0.34 bar, the proportion of < 1 mm aggregate size fraction has
increased remarkably (Table 7), particularly when freezing at —2s° C. The
differences between the corresponding figures in Tables 6 and 7 are all at —2s° C
statistically significant, but those at —s° C, on the contrary, are not. It seems,
however, that also at this higher temperature there is a tendency for the
aggregating effect to be more effective at 25 cycles than at 5 cycles. The
differences between the effects of temperatures on each sample in Table 7 are
all statistically significant.

Table 7. Percentage proportion of aggregate size fraction < 1 mm achieved by wet sieving
the aggregates of 5 10 mm in size after 25 freezing cycles at —0.34 bar soil water potential
and at the temperatures of —s° C and —2s° C.

Temperature Cl C 2 C 3 C4

- 5 30 19 19 11
-25 36 40 37 22

272
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b. Dry sieving

The results of dry sieving as a whole are not fully analogous to the results
of wet sieving (Table 8). In general, the effects of the freezing treatments have
been quite similar when measured by this method as when measured by wet
sieving. Particularly the heavy clay aggregates have broken more effectively
at the higher water potentials than at the lower potentials. Freezing at —3.2
bar has been also by this measurement ineffective. But, contrary to the results
of wet sieving, for the silty clay samples freezing at —0.06 bar potential has
not had any effect on the proportion of < 1 mm aggregate size fraction, but a
slight tendency could be seen in the sample S 4.

Table 8. Percentage proportion of aggregate size fraction < 1 mm achieved by dry sieving
the aggregates of s—lomm in size after five cycles of wetting-drying (w —d) or freezings at
—s° C or —2s° C at soil water potentials of —0.06, —0.34 and —3,2 bar. 0 represents the
value of untreated aggregate.

-0.06 -0.34 -3.2
Sample 0

w—d —5 —25 w—d —5 —25 w —d —5 —25

Cl O d 4bc 6 b 8a 4C 4 bc s bc 3 C l d l d

C 2 Oc 3a lc 2b 3a lbc la 3a l c lc

C 3 of 3a l de 2ab 2cd l e l de 2bc O e O e

C 4 1k 6 b 4 bc 9a 4 cd 2 e 4C 2 de 2e l f

SI ld 5b ld led Ha led led 3bo led Id
S 2 1° 5a 1° 1° 4a6 2° 2C 3 Ö 1“ 1»
53 0° la 0° la l ab lab l»b la lb lab
54 Je ga 3bc 3bcd 4b 2cde l e 4 bc 2cde 2 de

Means in each line followed by a common letter do not differ at P = 0.05.

The different effects of freezing temperatures have been apparent at the
water potential of —0.06 bar in heavy clay samples. Freezing at —2s° C
has more effectively broken the aggregates than —s° C, the difference being
statistically significant for all the samples. In the silty clay samples the
effects of the temperatures have been equal.

The most conspicuous difference between the results of the wet sieving
and dry sieving analyses seems to be the ability of the methods to measure the
effect of wetting-drying treatment. In many cases the wetting-drying treatment
has been more effective in disrupting s—lo mm aggregates than freezing.
Even at the potential of —3.4 bar its effect has been obvious particularly on the
heavy clay samples, while freezing had no effect at this potential. Still at the
potential of —15.0 bar the proportion of < 1 mm fraction was in the sample
C 1 3 % about the same as at the other potentials.

When increasing the number of freezing cycles from 5 to 25 the disruptive
effect of freezing was enhanced significantly at the potential of —0.34 bar,
the freezing temperature being —2s° C for all the heavy clay samples (Table 9).
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The same was observed in wet sieving. Also at —s° C the disruptive effect
seems to have been slightly stronger in 25 freezing cycles than 5 freezing
cycles, even though the differences are not significant except in the sample C 2.
At the water potential of —15.0 bar, the 25 freezing cycles had no effect on the
proportion of < 1 mm aggregate size fraction achieved by dry sieving.

A comparison between the effects of temperatures at 25 freezing cycles
showed that the temperature of —25°C was in all cases significantly more
effective in disrupting heavy clay aggre gates than —s° C (Table 9). This

Table 9. Percentage proportion of aggregate size fraction < 1 mm achieved by dry sieving
the aggregates of 5 10 mm in size after 25 freezing cycles at —0.34 bar soil water potential
and at the temperatures of —s° C and 25° C.

Temperature
„c Cl C 2 C 3 C 4

-52312
-25 12 13 5 10

conclusion could not be drawn if the number of freezing cycles had been five.
According to this, if the increase of the number of freezing cycles has a tendency
to enhance disruption of aggregates, it presumably will do it at rather low
temperatures.

c. Water-drop analysis
The disruption of aggregates by water-dropping showed different features

in each soil type group. Definition of the point of disruption for silty clay
aggregates was simple, because their disruption was a collapse after a certain
interval of dropping, whereas the definition of the disruption of heavy clay
aggregates was somewhat more difficult. According to the criteria of Me
Calla (1944), an aggregate can be regarded as disrupted when it has passed a
1 mm screen. This criteria could, however, not be applied in this work, because
in most cases the heavy clay aggregates did not disrupt to parts small enough
to pass the 1 mm screen. Instead of the disruption of the aggregates by col-
lapsing, a more characteristic feature was that an aggregate of a certain size
was split from the original aggregate, while the other part stayed whole. Thus,
it was much more difficult to define, whether the aggregate was disrupted or
not. Therefore, it was decided to define the point when the aggregate had split
into at least two pieces of equal size as the point of disruption.

Mc Calla (1944) stated that a slightly smaller number of drops was re-
quired to destroy the moist soil lumps than air dry lumps. The results achieved
here do not agree with this statement, but the aggregates premoistened have
persisted remarkably more water than those dropped as air dry (Table 10).
The different results probaly are due partly to the different definitions of
disruption and partly to the particle size composition, the soil used by Me
Calla being subsoil and its clay content only 20 %.
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Table 10. Amounts of water (ml) needed to disrupt 50 % of aggregates analyzed by dry
aggregate dropping (d) and wet aggregate dropping (w) after five-cycle freezing treatment at
—s° C at different soil water potentials.

Soil water Cl C 4 SI S 3
potential bar dw dw dw dw

- 0.06 0.2 1.9 0.2 6.0 0.4 1.1 0.3 1.1
- 0.34 0.2 1.8 0.3 >32.0 0.3 1.2 0.3 1.6
- 3.2 0.4 32.0 0.8 >32.0 0.4 1.9 0.5 1.4
-15.0 0.5 13.5 2.0 >32.0 0.4 1.6 0.6 2.0
air dry 0.6 3.7 1.5 >32.0 0.4 2.0 0.3 1.5

According to the results achieved here, the aggregates could be divided
into three different classes on the basis of their strength against the dropping
water, their limits being naturally very conventional:

dry aggregate dropping wet aggregate dropping

<0.4 ml of water weak aggregates <2.0 ml of water
0.4—1.9 » firm aggregates 2.0 31.9 *

very
St2.o * firm aggregates 5232.0 »

This grouping is based on the fact that the firmness of the aggregates in
a particular treatment was not normally distributed at all. This was con-
spicuous particularly at the wet aggregate dropping of heavy clay samples:
a part of the aggregates could be very weak and disrupt by a very small amount
of water, whereas another part of the same treatment could resist water up
to 32 ml. This »bipartition» was not so evident in silty clay samples. For
example in sample C 1: at the potential of —0.06 bar after freezing at —s° C,
54 % of the aggregates could be classified into the class < 2.0 ml of water
at wet aggregate dropping, whereas 30 % of the aggregates belonged to the
class = 32 ml of water. Only 16 % belonged thus to the rather wide class
2.0 31.9 ml of water. In the sample C 4 with the same treatment 41 % of the
aggregates belonged to the class < 2.0 ml water and 34 % to that of

32 ml.
Another criterion for the grouping was that particularly in the heavy clay

samples the water limit of 0.4 ml at dry aggregate dropping and 2.0 ml at wet
aggregate dropping seems to have reflected rather well the change of firmness
of the aggregates. It is thus quite clearly to be seen that the proportion of weak
aggregates has diminished both at dry aggregate dropping and at wet aggregate
dropping according to the diminishing of the water potential the aggregates
were frozen at (Table 11), which tendency was also to be seen in Table 10.

For the silty clay samples the distribution of the aggregates into these
firmness classes was not quite so clear as for the heavy clays, but the distribu-
tion ranged more widely. Therefore the classification is not quite as suitable
for the silty clay soils as for the heavy clay soils.
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Table 11. Percentage proportion of weak C- and C 4-aggregates of the total amount in dry
aggregate dropping (d) and wet aggregate dropping (w) after different treatments at three soil
water potentials, w—d = moistened to the water potential and air dried. Five cycles. —s° C
and 25° C = freezing temperatures at the corresponding water potential. Five cycles.

Soil water „
. . Cl C 4

Treatment
potential bar tj w d w

-0.06 w-d 97 41 52 41
- 5°C 94 54 84 44
-25° C 94 72 85 57

-0.34 w-d 66 38 22 25
- 5°C 82 55 59 19
-25° C 84 38 78 22

- 3.2 w-d 44 44 3 3
- 5°C 34 13 6 22
-25° C 59 16 19 22

Untreated 31 16 0 9

In spite of the water limits of 0.4 ml and 2.0 ml being conventional, a rather
good accordance is, however, to be observed between the proportions of weak
aggregates defined by these limits and the water potential at freezing. For
example, after freezing at —2s° C the correlation coefficients between the
proportion of weak aggregates achieved by droppings and the water potentials
by freezing were in all the samples analyzed the following:

C 1 C 4 S 1 S 2 S 3 S 4

wet aggreg. dropping 0.80 0.88 0.86 0.99** 0.88 0.39
dry aggreg. dropping 0.99** 0.96** 0.85 0.94** I.oo*** 0.84

In addition to the figures showing the dependence between the proportion
of weak aggregates and the water potential at freezing to be clear, they also
allow to suppose that dry dropping apparently is a more sensitive method of
stability analysis than wet dropping.

Instead of the great dependence of the water potential at freezing, the
results showed that the disruption was almost fully independent of the freezing
temperature. And, contrary to the results of dry sieving, the effects of wetting-
drying treatments did not differ from those of freezing treatments.

The fact that the amount of water needed to break down the aggregates
is smaller in dry dropping than in wet dropping obviously shows that water
added with atomizer to the aggregates diminishes the breaking effect of drop-
ping water (cf. Dettmann 1958). This effect appears for example in the soil
Cl: all the 475 aggregates analyzed at dry dropping disrupted before 32 ml
of water was consumed. At wet dropping 167 out of the 480 aggregates
analyzed belonged to the class over 32 ml of water. Of the soil C4, 478 aggre-
gates were analyzed by dry dropping and in seven of these the firmness exceeded
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the water amount of 32 ml, whereas at wet dropping 281 aggregates out of the
480 analyzed belonged to this class. On the other hand, a noteworthy fact
is however, that within each treatment at wet dropping some of the aggregates
were weak enough to be classified as weak aggregates. This indicates that all
the moistened aggregates did not get stronger, but some of them remained weak.

The water-drop analysis would be a suitable quantitative method of analysis,
if it was possible to determine in all cases the amount of water needed to break
down the aggregates per unit of weight of soil. This method has been used by
Me Calla (1944). The material may, however, contain aggregates which do
not disrupt after a reasonable dropping time, as was true in this study. Therefore
it is not always possible to evaluate the quantity. In the present work the upper
limit of dropping was 32 ml. Aggregates requiring more water than 32 ml to
disrupt excisted particularly at wet dropping. For example out of the untreated
C 4 aggregates over 90 % belonged to the very firm aggregates. At the po-
tentials of —3.2 and —15.0 bar the average proportion was abot 70 %. Only
at the potential of —0.06 bar their proportion was less than 20 %.

Also at dry dropping there were some aggregates, capable of withstanding
the disruptive effect of water drops up to 32 ml of water. In spite of the fact
that it has not been possible to calculate the exact amounts of water per gram
of soil at these treatments, the values given in Table 12 clearly show the sig-
nificance of the water potential on the disruptive effect of freezing. It seems
apparent that particularly freezing at the potentials of —0.06 and —0.34 bar
has been effective in disrupting soil aggregates. Freezing at the potential of
—3.2 bar or lower has had no effect on the result. The results thus show that
by diminishing the water potential from —0.34 bar to —3.2 bar the effect of
freezing, too, ceases very sharply. This is true particularly with the heavy
clay soils analyzed, but not so evident with the silty clay soils.

Table 12. Amounts of water (ml) needed at dry aggregate dropping to brake down 1 g of
aggregates after five-cycle freezing treatment at —2s° C at different soil water potentials.

Sample —0.06 —0.34 —3.2 —15.0 air dry

C 1 1.28 1.44 3.16 5.37 5.46
C 4 1.64 1.60 7.56 (+ 2) 11.94 23.92 (+ 1)
S 1 1.77 2.31 2.77 2.85 2.26
S 2 2.52 2.54 3.75 3.34 7.42
S 3 1.97 2.26 2.70 3.20 3.01
S 4 2.80 2.80 6.21 3,97 4.36

(+ 2) and (+ 1) indicate that two (+ 2) or one (+ 1) aggregates of the total 32 aggregates
have been so firm that 32 ml of water has not been sufficient to break them down.

As was done in the sieving analyses, here too the effect of the number of
freezing cycles on the disruption of heavy clay aggregates was examined.
Contrary to the results of sieving, it could be established that the number of
freezing cycles had no effect on the aggregate stability. In agreement with
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former observations, freezing at the potential of —15.0 bar had no effect on the
stability of the aggregates, which result is very obvious according to the
results in Table 12.

IV The freezing mechanism as a factor changing the aggregate porosity
The results of the former chapters have shown that the structural changes

of soil due to freezing may be very remarkable, which, in fact, is already known
by experience and from numerous studies on the effects of soil frost. These
studies are e.g. Taber (1930), Jung (1931 a, 1931 b), Beskow (1935), Eriksson
(1941), Sillanpää (1961), Bisal and Ferguson (1968), Bryan (1971), Cze-
ratzki (1971), Benoit (1973), Richardson (1976). and others. In spite of the
relatively large number of studies, the mechanism of frost as a factor changing
the soil structure seems to have been discussed more seldom. The aim of this
chapter and the following is to unravel the factors which cause the change in
the structure of soil aggregates by freezing.

The structural property under discussion will be the total pore volume and
its changes. A basis for this inspection is the fact that the soil volume, par-
ticularly that of the clay soils, will increase if the water content increases. This
soil property has already been studied by Tempany (1917) and Haines (1923).
A natural consequence of total volume increase is the increase of total pore
volume. And, as far as the soil freezing is concerned, the volume changes taking
place in soil are apparently also attributed to the changes of water volume at
freezing, to some extent at least. Thus, it was decided to examine the following
treatments affecting the aggregate pore volume:

The total pore volumes of aggregates and their changes due to water potentials.
The changes of total pore volumes as a consequence of freezing and thawing.
The changes of total pore volumes as a consequence of moistening and air drying.
The changes of total pore volumes as a consequence of freezing and freeze-drying.

The aggregate size fraction analyzed was s—lo mm achieved by dry sieving
from original material.

1. Pre-treatments of aggregates for total pore volume
determinations

All the agregates were first moistened with an atomizer to the water potentials of —0.02,
0.1, —l.O, and —15.0 bar respectively. Each treatment consisted of four parallels. The

water content was controlled by weighing.

a. Preparation of aggregates for determination of total pore volume as moist
After wetting the aggregates were covered immediately with a plastic cover to prevent

evaporation. The moisture was let to equilibrate for two hours at room temperature before
the pore volume determination.

b. Preparation of aggregates for determination of total pore volume of frozen,
thawed and air dried aggregates

The moist aggregates were brought in tightly closed boxes into a +s° C room for the night.
The following day they were taken into the temperatures of —s° and 3s° C respectively.
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The freezing period lasted four days, whereafter the specimens were brought into a -|-50 C
room for thawing. The thawing period lasted one day, whereupon the boxes were opened and
the aggregates were let to dry at room temperature befor determination of total pore volume.

c. Preparation of aggregates for determination of total fore volume of moistened
and air dried aggregates

The moist aggregates were kept at room temperature for two hours covered with plastic.
After the plastic was removed, the aggregates were let to dry air dry at room temperature before
determination of total pore volume.

d. Preparation of aggregates for determination offrozen and freeze-dried aggregates

The moistened aggregates were brought in closed boxes into —s° C and —3s° C chambers,
like in chapter a. After freezing they were taken into a —2o° C room and the boxes were
opened. The aggregates were let to dry in this room for one month and thereafter brought
into room temperature. After one day’s temperature equilibrium the total pore volume was
determined.

2. Determination of total pore volume of
aggregates

Generally there are not too many methods for determining the total pore
volume of soil. In this particular case, the fact that the specimen under in-
spection must not lose its structural properties during determination further-
more limits the choices. The water retention analysis is widely used for de-
termination of pore size distribution, especially for undisturbed samples. By
this method the specimen will lose its original structure already at wetting.
Blake (1965 a) has proposed a method, where the aggregate is covered with
paraffin in order to prevent the water from penetrating into the soil. The main
disadvantage of this method is that the aggregates cannot be reused after the
determination. Further, when this method was tried, it could be observed that
the method is extremely sensible to changes in the paraffin temperature.
Even minor deviations would affect the result.

Sunkel (1960) has introduced a mercury method which, after some im-
provements, proved suitable. The principle of the method is that in a container
of a certain size the aggregate under analysis displaces a certain volume of
mercury, and this volume can be defined gravimetrically.

a. Determination of total pore volume of aggregates by the modified method of
Sunkel

The measuring procedure was similar to that of Sunkel (1960) (Fig. 7). The measure (A)
was made from a sintered glass filter (G) (pore size G4) 15.5 16.7 ml in volume. The height
of the mercury head was 10 cm and the number of the aggregates analyzed was two or three,
depending on the aggregate size.

The component of the apparatus to be weighed during determinations is (I), and for weigh-
ing it was detached from the stative at the fastening point (C). The plastic tube (D), not ex-
isting in the apparatus of Sunkel, serves for the mercury to pass more freely when emptying
the container (A). The plastic tube thus eliminated also the spilling of mercury when the
juncture (E) is being detached.

The determination of the total pore volume of moist aggregates was very similar to that of
dry aggregates, but there was a thin plastic on top of the aggregates (F) in the container (A)
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during the measurement. Without plastic the glass filter (G) suck up the moisture from the
aggregates (F) and the weight of the component (I) also changed.

A disadvantage, especially when analysing silty clay aggregates, was the accumulation of
fine dust on the surface of the mercury. Therefore, the mercury was filtered after every 16
determinations. In fact, this dust had, however, no influence on the results, which could be
stated by measuring the same specimen before and after filtering. The amounts of dust were
in most cases too small to be weighed by the scales used in these analyses (accuracy 1 mg).

The fact that leaves room for interpretation is what size of holes on the aggregate surface
are to be regarded as pores. By using a great pressure of mercury at the determination, the
mercury penetrates to smaller pores than when the pressure is lower. This problem can be
eliminated to some extentby using in each treatment the same mercury pressure. This procedure
does not, however, eliminate the fact, that aggregates differ from each other as a result of
different treatments and, as a consequence, penetration of mercury also differs.

Another problem in the analysis was the sticking of mercury on the aggregates during the
treatments. This was true particularly with very porous aggregates. The mercury thus increased
their weight. This source of error was eliminated in later calculations by using the original
weight as a basis for calculations, though some of the original weight may have been lost as
dust. But as expressed above, its proportion was insignificant. As a result of this calculation
method the holes on the outer surface of aggregates filled with mercury have thus been re-
garded as holes of aggregates, not pores.

Fig. 7. Apparatus employed
for determination of total
pore volume. Symbols: see
the text.
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b. Testing the method of determination of total pore volume

The method was tested by the following way:
Samples C 2, C 3, S 2, and S 3 were suspended with 600 ml of water in the proportion of 1 : 1.

The suspensions were let to stand for some days to ensure thorough wettingbefore being poured
on sintered glass filters (pore size G4). The water head was fixed to 100 cm. The time for
equilibrium was one week.

Small soil cylinders were made from the wet soil paste in equilibrium by taking it with a
spatula into a small plastic cylinder, 5 ml in volume. The height of the cylinder was 10.2 mm
and diameter 17.0 mm. Each treatment consisted of three parallels and the treatments were
as follows;

treatment A: The soil cylinders were let to dry at room temperature as such.
* B: The soil cylinders were taken into a —ls° C chamber for a four-day freezing.

To prevent evaporation they were covered with a piece of plastic. After the
freezing period the cylinders were brought to a +s° C room to thaw for three
days and thereafter let to dry at room temperature until they were air dry.

* C: Freezing in a —ls° C freezing chamber for four days. After the freezing period
the cylinders were taken into a 20° C room and the plastic was taken off
for freeze-drying. The drying period lasted one month.

Treatment A represents a case, where the soil structure is very compact. The cylinders after
treatment C represent soils with a rather porous structure. It was to be feared with the po-
rous cylinders that the penetration of mercury into the pores of the specimens would cause
great variations between the parallels within different treatments. The results show, how-
ever, that this was not the case (Table 13). The differences between the standard deviations
in each soil sample are not statistically significant.

Table 13. Total pore volumes (%) of homogenous samples moistened to soil water potential
of —O.l bar after drying at room temperature (A), frozen at —ls° C, thawed and dried at room
temperature (B), and freeze-dried at 20° C after —ls° C freezing (C).

Treatment C 2 C 3 S 2 S 3

22.4 26.7 32.2 37.9
A 22.0 26.7 32.2 36.8

22.4 26.3 32.2 35.2

Mean 22.3 26.6 32.2 36.6
s 0.202 0.225 0.00 1.374

24.9 27.1 32.6 34.2
B 24.2 26.3 31.7 34.7

25.3 27,5 30.8 32.7

Mean 24.8 27.0 31.7 33.9
s 0.579 0.600 0.940 1.030

30.8 34.1 35.7 42.6
C 30.8 33.6 36.2 42.0

32.2 33.6 36.7 42.0

Mean 31.2 33.8 36.2 42.2
s 0.808 0.283 0.530 0.364

The test was further continued by the moistening soil cylinders anew to a water potential
of —O.OOI bar. The procedure was the ordinary capillary procedure on a foamy plastic. The
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purpose of this continued treatment was to establish whether the mercury in the soil pores
causes any deviations in the results when the specimens are further handled. It was supposed
that if the mercury in the pores would cause deviations, they would be observed as increased
deviations because of the great density of mercury.

After one week of moistening the soil cylinders were let to dry at room temperature air dry
and the total pore volume was determined.

The standard deviations acquired from the last measurements (Table 14) do not differ from
those of the first measurements. This result thus shows that the deviations have not increased,
and the penetration of mercury in the soil pores, which phenomenon was most apparent in
treatment (C), is not a factor to misrepresent the results.

Table 14. Total pore volumes (%) of homogenous samples after moistening and air drying
following the treatments (A), (B) and (C). (see text).

Treatment C 2 C 3 S 2 S 3

20.7 25.6 33.6 36.8
A 21.7 25.6 33.6 36.3

22.0 25.9 34.1 36.3

Mean 21.5 25.7 33.8 36.4
s 0.702 0.219 0.289 0.306

23.8 26.7 34.1 33.7
B 23.8 25.9 32.6 34.7

24.2 27.1 32.2 33.2

Mean 23.9 26.6 33.0 33.9
s 0.214 0.590 1.018 0.764

26.1 32.2 34.6 38.5
C 27.3 32.2 34.6 39.6

27.3 32.2 34,6 38.5

Mean 26.9 32.2 34.6 38.8
s 0.699 0.000 0.000 0.664

3. Total pore volumes of aggregates and their
changes
The moist soil aggregates retain water also on the outer surface. Due to

the total pore volume determination procedure employed in this study, the
volume of this water will be included in the total pore volume of the aggregate.
It is obvious that by increasing the amount of water in the aggregate, also the
water content on the aggregate surface will increase. As a consequence, when
determinating the total pore volume, it will be greater than the pore volume
of the aggregate actually is. Now it is questionable, whether the water on the
outer surface is part of the total pore volume of the aggregate or is it part of
an outside volume. In this study, it has been decided to include this volume in
the aggregate volume and thus it is part of the total pore volume of the aggre-
gate in question. This, because the water on the outer surface is energetically
influenced by soil matrix: when increasing the soil water potential the thickness
of the water layer also increases and vica versa.



In the following four chapters the effects of different treatments on the total
pore volume of aggregates have been discussed. To make it short, only in the
first chapter, dealing with the total pore volumes of moist aggregates, the
results have been expressed as total pore volumes. In the later three chapters,
dealing with the effects of the different treatments described above (pp. 278-279),
results have been expressed only as changes taken place in the aggregates as a
the result of the treatment. The object of comparison is the total pore volume of
the same aggregate as air dry. The average total pore volumes (V Po) of
aggregates are mean values from 16 determinations of each sample, each de-
termination consisting of two aggregates. These mean values are:

Heavy clay samples
Cl 37.4 ± 0.8
C 2 39.3 ± 1.3
C 3 42.0 ± 0.8
C 4 42.1 ± 1.2

Silty clay samples
S 1 44.2 ± 1.3
S 2 47.8 ± 1.2
S 3 48.0 ± 0.7
S 4 51.5 ± 1.8

The changes of total pore volumes (zJV p ) express the differences between
the total pore volumes after treatment and air dry. The figures given in the
corresponding tables are expressed in percentage units and are the mean
values of four parallels.

a. Total pore volumes of moist aggregates
The changes in soil volume due to the moisture content are traditionally

regarded as linear functions of water contents at certain soil water potentials
(Tempany 1917, Haines 1923, Stirk 1954, Sunkel 1964). As far as soil shrink-
ing is concerned, Haines has called this soil volume change normal shrinkage.
Residual shrinkage he calls the area where the relation between the change of
water content and soil volume is no more linear. In very wet soil the changes
are not linear either. This shrinking Stirk (1954) has proposed to be called
structural shrinkage.

Soil swelling due to moistening is in principle a reverse phenomenon to
shrinking. It is thus possible to find the corresponding parts from the swell-
ing curves and the shrinking curves. Warkentin and Bozozuk (1961) have
observed that the part of the swelling curve, where the curve begins to change
from unlinear to linear is in the position of about —15.0 bar. Stirk (1954)
has observed that in shrinking at the potential of —31.6 bar the curve changes
from linear to unlinear.

In the heavy clay samples the increase of the total pore volume seems to
have been in this study almost linear from air dry up to the water potential of

0.1 bar (Fig. 8a). Sample C 1, where the organic carbon content has been the
smallest (2.5 %), has shown perhaps the strongest deviation from linearity.
The corresponding curves of silty clay soils have deflected more from linearity
(Fig. 8b). The increase of the water content from air dry to the water potential
of —15.0 bar has not increased the total pore volume in any sample. As a
matter of fact, it seems to have diminished in sample S 1 and also in S 2, the
organic carbon content being lowest in these samples (3.3 % and 3.7 % respec-
tively). The diminishing is, however, not statistically significant.

283
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Fig. 8. Relationship between the total pore volume of a) heavy clay and
b) silty clay aggregates and the soil Water potential (bar).
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The fact that in heavy clay samples the increase of total pore volume by
increasing the water potential has been almost linear up to the water potential
of —O.l bar but not in the silty clays, obviously shows that the filling-up
mechanism of small pores is not similar and that the nature of small pores is
not quite identical. The proportion of small pores is naturally great in heavy
clay soils. If no increase of total pore volume would occur as a result of the
increase of water content, there would be room for a volume of water equal to
the total pore volume only. The extra water would flow away. Because of
swelling, the clay soils have, however, more room for water than the air dry
pores would imply. When the proportion of the water added to the soil (ml)
to the volume of pores (ml) in air dry soil was calculated in this work, it could
be observed that in heavy clay aggregates the small pores were filled with
water already at the potential of —15.0 bar, if no swelling had taken place:

Cl C 2 C 3 C 4
Added water ml

0.93 ± 0.14 1.01 ± 0.23 1.03 ± 0.06 1.03 ± 0.27
Total pore volume ml

Though the volume of water added has thus presupposed only the filling-up
of the pores, the total pore volume has, however, in all heavy clay samples
clearly increased. In practice this means that in heavy clay soils with swelling
properties all the pores will be filled with water only at the water potentials
where the increase of the soil volume has ceased.

This could be concluded indirectly also from the figures given in Table 15
which express how many percents of the added water was needed for the
increase of the pore volume. So, at the potential of —15.0 bar about 25 —39 %

of the added water has affected the increase of the total pore volume of heavy
clay aggregates. In silty clay samples the role of added water at the same
water potential has been practically to fill the pores only.

According to Figure 8a and Table 15, it seems that the increase of total pore
volume has ceased in heavy clay samples at the water potential of —O.l bar.
The proportion of the increase of the total pore volume to the amount of added
water has been at this turning point about 70 % in average. This result indi-

Table 15. Proportion of increase of total pore volume of added water volume in percentages
at four soil water potentials (bar).

Sample —0.02 -0.1 —l.O —15.0

C 1 68» 74» 59» 25»
C 2 63» 64» 54» 31»
03 71» 70» 50» 36°
C 4 70» 73» 54» 39°

S 1 49» 40» 27» 2°
S 2 49» 40» 22» —7“
S 3 63» 48» 24» 5»
S 4 47» 40» 22» 8»

Means in each line followed by a common letter do not differ at P = 0.05.



286

cates that in heavy clay samples the water added to the soil, corresponding a
water potential smaller than —O.l bar, has in no cases been used entirely
either to fill the pores or to increase the pore volume. The filling-up of soil
pores has thus been most intensive in conditions, where the soil has been drier
than —15.0 bar. When, for example, the figures in Table 16 are compared with the
corresponding curves in Figure 6it can be observed that in sample C 1, e.g., the
increase of water content from air dry to the potential of —15.0 bar, 18 per-
centage units, has caused the pore volume to increase about 5 percentage
units. When the amount of added water has increased 11 percentage units
(to —l.O bar), the increase of pore volume has been more intensive, relatively,
about 9 percentage units.

The proportion of added water from the air dry total pore volume has
been for silty clay aggregates remarkably smaller than for heavy clay aggre-
gates at the potential of —15.0 bar. The corresponding proportion of about
1:1, achieved for heavy clay samples at the potential of —15.0 bar, was

achieved for silty clay samples at the potential of —l.O bar;

bar SI S 2 S 3 S 4
-15.00.34 ± 0.020.24 ± 0.040.35 ± 0.050.23 ± 0.02
- 1.01.01 ± 0.160.95 ± 0.170.95 ±0.030.90 ± 0.37

But, as expressed in Table 16, the water content corresponding the potential
of —l.O bar has caused in silty clay aggregates an increase of total pore volume
of the same size as the —15.0 bar water content in heavy clay samples. In
practice this result shows the difference in swelling in these two soil groups,
and obviously the significance of clay fraction. This result is more apparent
when the percentage of water contents of the soil samples are taken into
consideration (the water content of heavy clay samples at the potential of

15.0 bar and that of silty clay samples at the potential of —l.O bar). In
fact, the smaller percentage of water content of heavy clay samples as com-
pared to that of silty clay samples has actually caused a greater increase of the
total pore volume. However, the fact that the pore volumes of air dry aggre-
gates have also deviated from each other (p. 283) has to be taken into con-
sideration, which as such, too, indicates the significance of clay fraction in de-
termining the soil structure.

At the potential of —O.l bar in heavy clay aggregates, at which potential
the increase of total pore volume ceased, the water content was about 40 —5O %

(Fig. 6). Although these four samples were rather heterogeneous, as far as the
organic carbon content is concerned (Table 6), no very great differences existed
between their behaviour at this potential, but the increase of the total pore
volume seems to have ceased in all of them. On the other hand, not even the
water potential of —0.02 bar seems to have represented the upper limit of
pore volume increase for the silty clay samples. This can be understood on the
basis of theresults of water-drop analysis. The aggregates were observed to lose
their original structure by collapsing rather than by clefting and, in fact, the
situation is the same here: it was often difficult to determine the total pore
volume of the aggregates S 1 and S 2 at this water potential because of the very
loose structure.
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Table 16. Changes of total pore volumes (A V p ) in percentage units after moistening the air
dry aggregates to four soil water potentials (bar).

Sample -0.02 -0.1 -1.0 -15.0

C 1 20.4“ 20.0“ 15.6» 5.1°
C 2 20.1“ 17.3“b 15.1» 6.6°
C 3 22.0“ 19.7» 12.8“ 7.8 d

C 4 20.9“ 19.4» 14.4 b 8.3“

S 1 12.8“ 9.8» 6.0» -0.2“
S 2 13.3“ 10.0» 3.8“ 0.4 d

S 3 17.1“ 13.0b 5.2“ 0.4 d

S 4 11.7“ 10.2“ 4.8 b 0.5“

Means in each line followed by a common letter do not differ at P = 0.05.

The effect of clay fraction on the soil properties appears also within the
sample S3. Its clay fraction content was about 10 percentage units higher
than that of other silty clay samples (Table 3) and, as can be seen in Tables
15 and 16, its behaviour resembles probably more that of the heavy clay samples
than that of other silty clay samples at the potential of —0.2 bar and even at
the potential of —O.l bar it differs from other S-samples. This is worth no-
ticing, particularly since the differences in organic carbon content in both soil
groups seem to have had no influence on the pore volume increases, though the
pore volumes of the aggregates seem to have been dependent on the organic
carbon content.

h. Changes of total pore volumes of aggregates after freezing, thawing and air
drying

The process taking place in the field most often resembles the procedure
employed in this analysis; the frozen soil first thaws before drying. In general,
the system in the field is, however, not closed, but the escape of water is possible
during all the phases of the process. It is thus apparent that the openness of
the system to a certain degree affects the soil structure. This is concluded
from the results achieved in this test. The wetting-freezing-thawing-air-drying
procedure had practically no effect on the total pore volume, neither in the heavy
clay aggregates nor the silty clay aggregates. In both soil type groups the
average pore volumes were after the treatments equal to the corresponding
pore volumes before treatments when air dry quite independent of the
water potential or freezing temperature.

The average pore volume values do not exactly expose the changes that
may have taken place in the individual aggregates analyzed. Therefore it is
reasonable to inspect these changes. It is obvious that in the heavy clay
aggregates there may have occurred some increase of the pore volume during
the treatments (Table 17). This increase has been rather small, however,
about 3 to 4 percentage units at its best. The results in Table 17 express only
those achieved by the —s° C treatment, because the results from —3s° C
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Table 17. Changes of total pore volumes (/lVp) in percentage units after the freezing, thawing
and air drying procedure at four soil water potentials (bar). Freezing temperature —s° C.

Sample -0.02 -0.1 -1.0 -15.0

C 1 3.4 a 2.7»» 3.1» 0.8»
C 2 3.4» 2.6» b 1.3bc 0.4°
C 3 3.3» 2.7» b 1.9» 1.6»
C 4 2.8» 1.4»» 1.2» 0.5»

SI 1.0» 1.2» 0.8» -0.8»
S 2 0.9» 1.0» 0.5» -0.8»
S 3 1.1» 0.4»» 0.1»» —0.7»
S 4 2.8» 1.9» 1.7»» —1.4»

Means in each line followed by a common letter do not differ at P = 0.05.

did not differ at any point from these. The silty clay aggregates show hardly any
increase in the pore volume, rather the treatments have caused a decrease at
the potential of —15.0 bar. In fact, this result was anticipated already in the
previous test in which the total pore volumes of S 1 and S 2 aggregates seemed
to have diminished because of mere moistening. In this test the diminishing
seems to have occurred also in the other two silty clay aggregates.

When comparing the results achieved here with those achieved from the
wetting treatment alone in the preceding chapter, it seems obvious that the
great increase of total pore volume due to the increased water content has no
longer reflected in these figures. It seems thus, that the effects of freezing are
not conspicuous, as far as these results will be kept as a standard of judgment
when discussing the effects of frost on soil structure. The results from water
retention analyses, according to which freezing did not increase the water
content retained by soil, actually already indicated this type of behaviour of
soil.

On the other hand, it may be possible that freezing particularly at the highest
soil water potentials has to some degree eliminated the collapsing effect which
had existed without the preventing effect of ice. It is probable that the
process that has formed these aggregates a slow drying inside a big clod
(p. 262) has caused the positions of primary and/or secondary particles
inside the clod to become instabile to a certain degree. The water brought into
this system apparently has caused this instabile system to totter and the
particles have moved closer to each other making the aggregate more dense.
If no freezing was involved in the process, it is possible that the collapse
had been even more drastic.

c. Changes of total pore volumes of aggregates after wetting and air drying
In ideal cases the wetting and the subsequent air drying will cause no

changes in total pore volumes and, thus, the pore volumes before and after the
treatment are equal. In this case the amount of water added to the soil has no
significance to the result.

The aggregates studied here do not represent »ideal soil». Moistening and
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Table 18. Changes of total pore volumes (AVp ) in percentage units at one moistening and
air drying procedure at four soil water potentials (bar).

Sample -0.02 -0.1 -1.0 -15,0

C 1 4.3» 3.4»» 2.1bc 1.2°
C 2 3.7“ 3.0ab 1.5b -0.2'
C 3 3.6 a 2.5b 1.4' o.o d

C 4 2.4a 3.1» 2,3» 0.2»

SI 3.2» 3.6» 1.5» -0.9'
S 2 2.8» 1.5» 0.6» -0.8»
S 3 3.7» 2.5» 0.4» -0.8»
S 4 4.3» 3.4» 2.0» 0.0»

Means in each line followed by a common letter do not differ at P = 0.05.

air drying has clearly had a positive effect on the increase of pore volume in
all the samples analyzed particularly at the potentials of —0.02 and —O.l bar
(Table 18). At the potential of —l.O bar the increase is still obvious but at the
potential of —15.0 bar the silty clay aggregates once again show a tendency
of diminishing pore volumes like in the previous experiments.

According to Table 18 it is apparent that the increase of pore volume is the
more remarkable the more water has been added to the soil. The differences
between the two sample groups are insignificant, though their initial air
dry pore volumes have differed remarkably. The pore volume formed in the
aggregates by adding water thus represents probably a new equilibrium state,
the arrangement of particles respecting the water content added to the aggre-
gates.

On the basis of this equilibrium idea this wetting-drying test was decided
to be continued with the same aggregates using a new wetting-air-drying
procedure. An additional wetting was supposed to lead the particles into a
new equilibrium state and the increase of pore volume would be still more
extensive.

A new moistening was, however, possible for the silty clay aggregates only.
A concrete result of the first treatment was that the heavy clay aggregates
were so completely broken that a new wetting-air-drying procedure and
particularly the pore volume determination was quite impossible to perform.
Actually, the first wetting-air-drying treatment was thus as a procedure more
effective than the figures in Table 18 allow to conclude.

The firmest heavy clay aggregates after the first wetting-drying treatment
were those wetted to the potential of —15.0 bar and the weakest those wetted
to the potential of —0.02 bar. The corresponding results were, in fact, already
achieved by sievings and water drop analyses. The result according to which
the silty clay aggregates withstood the wetting-drying-treatment better than
the heavy clay aggregates makes it possible to conclude that the silty clay
aggregates were more firm than the heavy clay aggregates. As has been pointed
out previously, the disrupting mechanisms are quite different in these two soil
type groups and, therefore, their firmness is not fully comparable.
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A second wetting-drying treatment with silty clay aggregates seems not
to have changed very much the results achieved at the first wetting-drying-
treatment (Table 19). On the whole, there seems to have been a slight tend-
ency to an additional increase of pore volume after the first treatment at the
potentials of —0.02, —O.l, and —l.O bar and a decrease at the potential of

15.0 bar. The differences are, however, not statistically significant.

Table 19. Changes of total pore volumes (A Vp) in percentage units at two moistening and
air drying procedures in silty clay samples at four soil water potentials (bar).

Sample -0.02 -0.1 — l.O —15.0

S 1
S 2
S3
S 4

4.2»
3.6»
3.8»
5.0»

4.0»
1.6»
2.6»
3.9»

1.5»
0.9»
0.4»
3.7»

-0.9°
— 1.1»
-1.3»
-0.7»

Means in each line followed by a common letter do not differ at P = 0.05.

The purpose of the wetting-drying analysis was to establish what pro-
portion of the increase of the total pore volume achieved by freezing treat-
ments was due to the freezing itself and what was due to the changes caused
by wetting. As can be seen from the results of these two analyses (Tables
17 and 18), there are no great differences between the increases of the pore
volumes after the treatments. And, if there is some difference, the wetting-
drying treatment has caused a greater increase of pore volume than the
freezing-thawing-air-drying treatment. The differencens between the figures
for heavy clay samples are not statistically significant, but for the silty clay
samples, not S4, they are at the potential of —0.02 bar and for the sample
S 1 even at the potential of —O.l bar, as appears from the following tabula-
tion. The figures express the differences (zlV p by freezing-thawing-air-drying)

(ZlV p by wetting-air-drying) in percentage units.

S 1 S 2 S 3 S 4

-0.02 bar -2.2* -I.B* -2.6** -1.5
-0.1 » -2.4* -0.5 -2.1 -1.4

These negative figures have thus been acquired with the silty clay
aggregates and the highest water potential. This result reflects first of all the
differences between the bonding strength of primary/secondary particles, and
more exactly the stronger intermediate bonds between clay particles than
between coarser fractions. Thus the ice formation in the soils where the bonds
are not very firm, e.g. in silty soils, more easily distorts the mutual bonds of
particles than in soils rich in clay fraction. This results not in a greater but a
smaller porosity. The factors causing this phenomenon obviously are connected
not only to the formation of ice in the soil and its effects on pushing soil par-
ticles apart, but also to the water movement from the inner part of soil towards
the soil surface. An additional effect is likely the amount of water frozen being
in the silty clay aggregates larger than in the heavy clay aggregates.
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d. Changes of total pore volumes of aggregates after freezing and freeze-drying
If it is possible for water to escape from the soil by sublimating, the soil

structure usually becomes very friable. This can be seen in the winter when
the ploughed soil appears from beneath the snow layer. Sublimation may take
place already in the autumn when the thin soil surface freezes during the
short freezing periods by night. The weather being clear, sublimation is possible
and, as a consequence a friable structure often appears in the ploughed soil
surface.

Against this background, decision was made to inspect the effects of freeze-
drying on the increase of aggregate pore volume. It was presumed that the
dependence between the total pore volume and the soil water content, reported
ahead, would influence the properties of freeze-dried soils.

The increase of total pore volume has been quite strong in the freeze-dried
aggregates (Table 20). It has been very clear in heavy clay aggregates at the
potentials of —0.02, —O.l and —l.O bar and in silty clay aggregates at the
potentials of —0.02 and —O.l bar. At the potential of —l.O bar the increase
is in no silty clay sample statistically significant, neither the decrease of the
total pore volume at the potential of —15.0 bar.

Table 20. Changes of total pore volumes (zl Vp) in percentage units by freezing and freeze-
drying procedure at four soil water potentials (bar). Freezing temperature —s° C.

Sample -0.02 -0.1 —l.O -15.0

Cl 13.1“ 11.2» 9.8» 4.8»
C 2 12.3» 10.9» 5.2» 2.2°
C 3 11.9» 9.1» 6.8° 2.1 d

C 4 9.1» 9.5» 6.3 b 1.9°

S 1 5.4» 5.2» 2.0» -0.6»
S 2 4.8» 4.1» 0.9» -0.2°
S 3 7.0» 5.1» 1.5» -I.l*
S 4 5.0» 6.7» 4.4» -0.1»

Means in each line followed by a common letter do not differ at P= 0.05.

The effects of both —s° C and —3s° C were also in this test rather simi-
lar, and the results in Table 20 represent those achieved by freezing at —s° C
only. Some samples, e.g. C2, SI, and S2, showed a slight tendency for the
increase of pore volume to be after freezing at —3s° C somewhat greater than
after freezing at —s° C. The differences were about 1.6 percentage units in
average, but they were not statistically significant.

When comparing the results achieved in this test with those achieved from
the measurments of wet aggregates, it can be observed that the increases of
pore volumes have been almost all the way through smaller than those when
measured moist. For the heavy clay aggregates this difference was about 10
percentage units at the potentials of —0.02 to —O.l bars and for the silty
clay aggregates about 6 to 8 percentage units. It is thus apparent that the
pore volume of the aggregates has been greatest either when wet or frozen.
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The reason why the figures in Table 20 are smaller than the corresponding
figures in Table 16 is a natural consequence of the collapse of aggregate struc-
ture after the escape of »ice-skeleton» from the aggregate by sublimation. The
determination of total pore volume of the aggregates in frozen state was,
however, not possible because of the great sensitivity of mercury to the low
temperatures and quick thawing of the frozen aggregates.

The changes in pore volume have been greater in heavy clay aggregates
than in silty clay aggrgates at the corresponding water potentials. This result
apparently reflects the dydnamic nature of the soils rich in clay fraction as a re-
sult of the changes in water content. Attention should be paid to the fact that
the pore volume of air dry, heavy clay aggregates has been remarkably lower
than that of silty clay aggregates (p. 283), but when moistened, there are no
very great differences in general (Fig. 8.) The structure of this type of soil is
thus strongly determined not only by the water content, but also by the
conditions the soil was dried in.

When inspecting the separate results, the increase of total pore volume
of sample C 1, low in organic carbon content, has been particularly at the
potential of —l.O bar remarkably stronger than that of the other heavy clay
aggregates. Also at the potential of —0.02 bar there seems to be a clear dif-
ference between the samples C 1 and C4. This behaviour of the aggregates can
obviously be explained by the difference in pore size distribution caused by
organic matter. As can be concluded from Figure 6, the C 4-aggregates have
contained more large pores than the C 1-aggregates. Ice forms more easily in
a large pore than in a small one, as far as water potential is concerned. The
freezing temperature employed here ( 5° C) was, however, low enough to
ensure the water to freeze in the heavy clay aggregates. A natural consequence
was that the ice lense had to push away relatively more soil to grow than in the
case where ice was growing in a larger pore.

In the silty clay samples there exists no such differences between the indi-
vidual samples. The behaviour of the aggregates has been more uniform than
in heavy clay aggregates. Only the increase of the pore volume of the sample
S 3 seems to have been at the potential of —0.02 bar slightly stronger than
in other silty clay samples. The clay fraction content of this sample (ca. 45 %)

was about 10 percentage units higher than that of other S-samples. The reason
for the uniformity of these S-samples apparently is the relatively great propor-
tion of large pores as compared to the heavy clay aggregates, the pushing
effect remaining in silty clay aggregates relatively smaller than in heavy clay
aggregates. The differences in hydraulic conductivity apperently also con-
tributes to this phenomenon.

An important phenomenon always associated with the freezing of soil is
the movement of soil water due to the ice lense formation. The movement
of water to the freezing front causes uneven distribution of water content
within the soil, and in this case within the aggregate. When the amount of
water increases on the aggregate surface it decreases inside the aggregate
correspondingly. A natural consequence is that the pore volume increases
according to the increasing amounts of water in the corresponding parts of
soil and vica versa.
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The figures in Table 21 imply that the water movement may have some
influence on the porosity of the aggregates analyzed here. They give the
relative pore volumes after freezing at —s° C and —3s° C at the potentials
of —0.02, —O.l, —l.O and —15.0 bar respectively. The value 100 represents
the air dry pore volume.

The total pore volumes of these heavy clay aggregates seem to have di-
minished more steeply as a consequence of freezing at —s° C than after freez-
ing at —3s° C when the water potential has been decreased. When comparing
the relative pore volumes, it seems that in samples C 1 and C 2, the pore volumes
at the potential of —0.02 bar after freezing at —s° C have been larger than
after freezing at —3s° C. In the samples C 3 and C 4 the relative pore volumes
at both freezing temperatures have been equal. One reason for this may be the
differences of freezing speeds together with the pore size distribution. The
freezing being slow, —s° C, water has more time to move to the freezing front
than at a fast freezing, —3s° C. As a consequence, water cumulating as ice at
the aggregate surface will increase the surface pore volume, while the dimin-
ishing water content inside the aggregate causes a decrease in the pore volume.

Table 21, Relative total pore volumes of heavy clay aggregates after —s° C and 35° C
freezings and freeze-dryings at four soil water potentials (bar). Air dry pore volume = 100.

Sample Freezing temp.
_ 0 02 _0 1 -10 -15 0

°C

Cl - 5 141 136 130 111
-35 136 135 131 108

C 2 - 5 133 124 114 111
-35 129 127 119 101

C 3 - 5 130 123 117 104
-35 129 125 120 109

C 4 - 5 122 121 114 107
-35 122 118 116 104

But, as seen in Fig. 8, the increase of pore volume by increasing the water
potential has in this work ceased already at the potential of —O.l bar. Thus,
the diminishing water content inside the aggregate does not necessarily mean
that its pore volume would diminish to the same degree, but the outside pore
volume of the aggregate may increase relatively more effectively than the
inside decreases. If, however, the freezing temperature is low, water has not
time to move to the aggregate surface, but the freezing will take place almost
on the spot. In this case, the distribution of water is thus more even and
the relative unevenesses of ice within the aggregate is less probable. As a
consequence, the total pore volume is apparently slightly greater at a higher
freezing temperature than at a lower freezing temperature.

According to this supposition, a low freezing temperature does not nec-
essarily cause a greater pore volume than a higher temperature. The situation
may instead be the reverse at certain circumstances.
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V The role of water movement due to freezing determining the change of
soil structure

In previous chapters a supposition on the effect of water movement on soil
structure due to freezing was introduced, but it could not be confirmed within
the limits of the tests set up. Therefore it was appropriate to study this
phenomenon with specific tests. In fact, the phenomenon of water movement
because of the ice formation is, however, not a new one. It has been studied in
numerous papers on soil frost (Kokkonen 1924, Taber 1930, Beskow 1935,
Eriksson 1941, Penner 1956, Martin 1959, Ferguson et al. 1964, Dirksen
and Miller 1966, Hoekstra 1969, Miller et al. 1975, and others). Mostly these
studies were concerned with inspecting deeper layers of soil, and the effects of
water movement determining different frost structures below the field surface
and roads as well as the effects of freezing pressures. Seldom has the object of
the studies, including agricultural studies, been the soil surface and particularly
the effect of soil frost and water movement connected with it in the quan-
titative sense. The aim of this chapter is to find out, what the effect of water
movement on soil structure is, particularly the movement in small clods on
the soil surface. It was supposed that the water movement has considerable
effect on soil structure already in this small scale.

1. The amounts of moved water

a. Measuring the amounts of moved water
For the measuring of the amounts of water moved as the consequence of

freezing a simple gravimetric method was employed. Two clod sizes were
inspected; the smaller is called in this study small soil cylinder and the bigger is
called big soil cylinder. The procedure of the measurement was as follows:

Sieved soil (< 2 mm) was taken into beakers and moistened to four/five soil moisture
contents, i.e. 60 50—40—35 —3O % (w/w). The wet soil was mixed thoroughly and the paste
was let to stand for one day in a +s° C room to ensure an even moisture content. For the
freezing small soil cylinders were prepared by taking wet soil with a spatula into a small plastic
cylinder, 25 mm in diameter and 10 mm in height. The soil was put into the cylinder as evenly
as possible by filling the cylinder with small amounts of soil until it was full and levelled there-
after with a spatula over the upper edge of the cylinder.

After the filling up, the soil was removed from the plastic cylinder and a thin plastic tape
of a suitable width was wound around the soil, as shown in Fig. 9. The tape was to prevent
sublimation during the freezing period. The soil cylinder was placed on a styrox sheet 4 cm in
thickness and covered with a sheet of the same size. Thereafter the soil cylinders were taken
into a freezing chamber, the freezing period being two days.

The purpose of the styrox sheets was to prevent heat from escaping through the upper and
lower surfaces of the soil cylinders at freezing and thus to ensure that freezing would take place
only through the taped sides of the cylinder. Thus the movement of water would also be di-
rected towards the taped surface.

Immediately after the freezing period the moisture contents of the inner part of the fro-
zen soil cylinder (10 X 10 mm2) as well as the outer part was determined. In addition, some of
the soil material was employed for the determination of total pore volume after a freeze-drying
period of three weeks.

The bulk density of small soil cylinders prepared from paste with a spatula was not con-
trolled and, therefore, for studying the effects of compaction a different procedure was employ-
ed to prepare small soil cylinders. A certain amount of air dry soil, about 4.5 to 5 g was spread
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in a cylinder and the amount of water calculated for a certain water content was dropped with
a pipette on this soil. The moisture was let to equilibrate for about half an hour before Com-
paction. The insulating and the freezing procedures were similar to those described above.
The soil cylinders prepared with this procedure are called soil cylinders prepared as dry dif-
fering thus from the soil cylinders prepared from paste.

For the big soil cylinders the moistening was done in most cases with the method prepared
as dry, but some preliminary experiments were made also with the big cylinders preparedfrom
paste. The procedure of making the big soil cylinders prepared as dry was as follows: 140 180
gof soil ground to pass a 2 mm sieve was taken for each specimen. A metal cylinder 85 mm in
diameter and 35 mm in height was filled with this material by pouring one third on the bottom
of the cylinder. Thereafter, one third of the amount of the water needed for the intended
water content was dropped with a pipette carefully on the soil, moistening it thoroughly. This
procedure was repeated until all the soil had been expanded. The specimen was taken there-
after into a +5°C room for a day to ensure the equilibrium of the moisture content in the
soil cylinder. After compression the soil cylinders were sealed and insulated like the small
soil cylinders and taken into a freezing chamber.

The procedure of preparing big soil cylinders from paste was similar to that of the
corresponding procedure for small soil cylinders, but including in addition a compression of 1.0
bar.

Because the amount of soil material was quite abundant for the big soil cylinders, the
water movement could be examined more accurately than for the small soil cylinders. Therefore,
a slice of soil 22 mm in width was cut in the direction of the diameter from the centre of the
soil cylinder. This slice was cut into pieces beginning from the mid-point of the original sample
towards the edge into four soil clods about 10 mm in width. These clods were marked from the
inside out with the letters a, b, c, d, to facilitate the inspection of the results, and they were
employed for determination of the moisture contents and total pore volumes.

h. Movement of water in a small soil cylinder prepared from paste
Based on the information acquired from the field observations presented

in the beginning of this study, according to which soil temperature seldom
descends very much below zero, the effects of the temperatures of —2° C and
—s° C were first studied in this test. It proved, however, that —2° C was not
low enough to ensure freezing in all the specimens. For example, the C 4-soil

Fig. 9. Scheme of the
insulating procedure
of soil cylinders for
freezing treatments.



cylinders did not freeze at all and only few of the C 1-soil cylinders did freeze.
Also for the silty clay samples the freezing at —2° C was very occasional.
The non-freezing could be established first from the fact that the soil cylinders
were clearly soft. But, a more clear proof of the non-freezing was, however,
the fact that the movement of water was in an unfrozen soil cylinder slight, and
it could be established by the moisture content determinations. Even when
only partly frozen, there was a clear difference between the water contents
of the outer and inner parts of the soil cylinder.

The fact that freezing at the temperature of —2° C was rather occasional
is probably due to the heterogenity of the small soil cylinders but, in fact, it
also proves that freezing in the field may be random. Some parts of a soil clod
may freeze while other parts remain unfrozen. The freezing at the tem-
perature of —s° C was more even, and therefore this lower temperature has
been the main object of study in the following.

The differences between the moisture contents of the outer and inner parts
of small soil cylinders, A co, seem to have been quite clearly dependent on the

moisture content in the beginning of freezing (Table 22). For the heavy clay
samples, the order of differences at both water contents, 50 % and 40 % w/w,
have been logical in respect to the order of water potential at the corresponding
water contents; a small water potential at a particular water content also means
a small difference between the water contents (cf. Fig. 6). As to the silty clay
samples, the differences in the water contents do not correspond to the soil
water potential as well as in the heavy clay samples. A clear deviation from this
»logical» order can be observed in the samples S 2 and S 4 at the water content
of 50 %: there is a remarkable difference between the water potentials at the
50 % level, but the corresponding differences between the water contents in
Table 22 are not significant. Not even the mutual order of the samples S 2
and S 3 is »logical» in this respect. One reason for this deviation from the
logical order for the silty clay samples is apparently the high clay fraction
content of the S 3 compared to other S-samples, and the exceptionally high
organic carbon content of the sample S4.

Table 22. Differences in the moisture contents in percentage units (Aco) between the outer
and the inner parts of small soil cylinders prepared from paste. The water contents at the
beginning of freezing were 50 and 40 percentages (w/w) respectively and the freezing tem-
perature was —s° C.

Water content % Cl C 2 C 3 C +

50 11.7 8.6 6.9 4.5
40 4.7 3.6 1.9 0.4

SI S 2 S 3 S 4

50 10.8 7.2 7.8 7.3
40 5.6 4.0 3.0 3.4
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According to the equation of linear regression when examining the results
(Fig. 10), it seems that the differences in moisture contents between the inner
and the outer part of a small soil cylinder are almost linearly dependent on the
water potential in the beginning of the freezing in all the samples. An important
fact is the straight lines illustrating the behaviour of heavy clay soil cylinders
crossing the water potential axis at about the same point, —2.0 to —4.0 bar.
In the silty clay samples this crossing has taken place at the potentials of
—6.3 to —7.9 bar in the samples S 1 and S 2, and in S 3 and S 4 at about —3.2
bar. In practice this means that the water movement due to freezing has
ceased at these water potentials. The differences between the S- and S-
samples and on the other hand, S 3- and S 4-samples apparently reflect the
great significance of the organic matter content and that of the clay fraction
on the hydraulic properties of these soils.

The scanty results achieved from the —2° C freezing also showed that the
difference between the outer and inner parts of the small soil cylinder was also
almost linearly dependent on the water potential. The correlation coefficient
between these two variables was for the heavy clay soils 0.95** and for silty
clay soils o.93***. The mutual comparisons between the effects of —2° C and

Fig. 10. Relation between the moisture content difference of the outer and inner

parts of small heavy clay (a) and silty clay (b) soil cylinders prepared from paste
expressed in percentage units and the soil water potential in the beginning of freezing.
Freezing temperature —s° C.
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—s° C made on the basis of the scanty results showed a tendency for the
difference in moisture content to be at the —2° C freezing slightly smaller than
at the —s° C freezing, as can be seen in the following tabulation. The figures
represent the difference (dco_ s ,, c) (/dco_ 2o{;) in percentage units at four soil
moisture levels:

50 % 40 % 35 % 30 %

SI I.B** o.B* I.o*
S 4 2.2** 1.9* I.s**

Indeed, the differencens are not great and it is very probable that in practice
the different effects of —2° C and —s° C are not significant. More essential
is that the soil freezes at all, and the fact that the temperature of —2° C was
not in all cases low enough to cause the soil to freeze justifies the conclusion
that not even in practice is this temperature always low enough to cause a total
freezing on the soil surface. Lower temperatures are needed.

c. Movement of water in a small soil cylinder prepared as dry
The small soil cylinders examined in the previous test were made from soil

paste using a spatula and therefore the bulk density of the cylinders was not
exactly controlled. In order to study the effects of compaction stage, the
small cylinders prepared as dry have been taken under inspection in the
following experiment.

A natural consequence of compaction is a change in the pore size distri-
bution. This means that the proportion of large pores diminishes, which
diminishing normally causes changes within the hydraulic properties (Basak
1972, Blake et al. 1976, Emerson 1978). When starting this experiment it was
thus supposed that the diminishing proportion of the largest pores particularly
would cause the inner parts of the soil cylinder to remain more moist in a
heavier compaction than in a lighter. First the pressures of 0.1 and 1.6 bar
were tried. (When tillering, the pressure caused by the tire of the tractor may
exeed 1.6 bar (Vandenßerg and Gill 1962, McLeod et al. 1966)). It could be
confirmed that the differences between the moisture contents of the outer and
inner parts of the small C 1-soil cylinder were remarkable when the compaction
was performed at the 40 % soil water content and the freezing temperature of
—s° C: after 0.1 bar compaction the difference was 10.8 ± 1.9 percentage
units and after the 1.6 bar compaction 6.5 ±1.4 percentage units. The last
figures include a source of error, i.e. when compacting at 1.6 bar, some of the
water from the soil escaped and even if it was let to be reabsorbed in the soil,
the results achieved apparently did not correspond to the situation where no
water had escaped. Therefore, the greatest compaction pressure in most cases
in the following experiments is 1.0 bar.

For the sake of comparison compaction of wet soil prepared from paste
at the pressures of 0.1 and 1.6 bar was, however, tried. It seemed that the
compaction did not affect the difference in moisture content between the outer
and the inner parts of small soil cylinders: after compaction at 0.1 bar the
difference was 5.2 ±1.5 percentage units and after 1.6 bar compaction 4.7 ±
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0.7 percentage units at —s° C freezing. The corresponding figures at the
freezing of —2° C were 4.5 d: 1.0 and 4.0 d: 0.9 percentage units respectively.

It can be concluded from Fig. 10. that if the freezing of the moist soil takes
place at the same percentage water content, at different water potentials, the
differences between the water contents of outer and inner parts of soil are not
equal. This result could also be verified with the small soil cylinders prepared
as dry (Table 23). The order of magnitude of differences for the heavy clay
samples moistened to the water content of 40 % has been clearly dependent
on the soil water potential and thus the order of the figures in Table 23 is

Table 23. Differences in the moisture contents in precentage units (zlco) between the outer
and the inner parts of heavy clay, small soil cylinders prepared as dry and compacted. The
water content at the beginning of freezing was 40 % (w/w) and freezing temperature —s° C.

Compaction C 1 c 2 c 3 C 4
pressure bar

0.1 9.4 6.2 1.1 0.6
0.5 9.2 6.3 0,9 0.8
1.0 7.3 6.1 1.4 0.3

analogical to the corresponding curves in Figure. 6. For the sample with the
highest water potential, i.e. sample C 1, the difference formed has also been
the largest and, vica versa, the sample C 4 with the lowest water potential
gives the smallest difference. The differences between the precentages of moved
water contents are also statistically significant for the samples C 1, C2, and C3
at all compaction stages, the difference between the corresponding figures of
C 3 and C 4 being significant at the compaction stage of 1.0 bar only.

When comparing the effects of compaction within the individual samples,
it showed that out of these four heavy clay samples only in the sample C 1
the compaction of 1.0 bar had caused a smaller difference in the percentage
moisture content than the lighter compaction. The corresponding differences
for the other heavy clay samples were not significant.

A corresponding experiment was made with all the samples at the water
potential of —O.l bar. It showed that the differences in the water contents
were for the heavy clay samples very much of the same size, about 5.4 to 6.9
percentage units, except for the sample C2, where the difference was 8.5
percentage units. For the silty clay samples it seemed that the difference was
at light compaction (0.1 bar) slightly greater than at heavier compaction. The
differences were, however, not statistically significant. For the samples S 1
and S 2 they were about 6.0 to 8.0 percentage units, being thus of the same
size as for heavy clay samples. For the samples S 3 and S 4 the corresponding
differences were about 9.5 to 12.5 percentage units.

Freezing temperature had no effect on the moisture content difference
provided that freezing on the whole took place. This result could be verified by
adding to the experiment described above a temperature factor consisting of
three different temperatures, i.e. —2° C, —s° C, and —lo° C. The effects of
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—s° C and —lo° C were the same for all the eight samples. The freezing
temperature being —2° C, all the four parallels of samples C 1, C 2 and S 3
only were frozen (pressure of compaction 0.5 bar). When freezing had taken
place, no differences in the results could be observed as compared to those
achieved by the —5°C or —lo° C freezings.

Earlier in this work, when the effects of freezing temperatures on the
changes of pore volumes of the s—lo mm aggregates were under discussion
(p. 293), it was assumed that by very fast freezing (—3s° C) the water simply
has no time to move towards the soil surface, but freezes at the very spot.
This is possible especially when the soil clod is small. Unfortunately, this

Table 24. Differences in the moisture contents in percentage units (Aw) between the outer
and the inner parts of small soil cylinders prepared as dry at two compaction stages. The
water potential at the beginning of freezing was —O.l bar and freezing temperature —4O“ C.

Compaction c 1 C 2 SI S 2
pressure bar

0.1 9.5 ± 1.3 11.3 ± 1.3 9.4 ± 0.7 9.7 ± 2.4
1.0 7.9 ± 1.0 10.5 ± 1.4 9.2 ± 0.6 7.7 ± 2.6

assumption seems not to be quite true, but the figures in Table 24 prove that
the water movement due to freezing is a surprisingly fast process taking
place in a rather small soil clod even at very low temperatures.

Even at the moisture potential of —l.O bar some movement of water took
place as a consequence of the fast —4o° C freezing. The compaction pres-
sure had no effect in these circumstances on the moisture content difference
but, on the contrary, it was surprising that the figures achieved here agree
with the values that can be calculated from the regression lines in Figure 10.
The differences acquired in this experiment were for heavy clay samples 0.9
to 2.2 percentage units, mean 1.5, and for silty clay samples 0.9 to 2.8 per-
centage units, mean 2.2. According to this, it seems that when freezing, the
forming of ice is the dominant process that affects more e.g. the movement
of water than the other factors connected with it, e.g. the freezing temperature
or the soil water potential (Hoekstra 1969).

d. Movement of water in a big soil cylinder

In the autumn the surface of a ploughed clay field mostly contains rather
big clods. The disruptive effects of freezing is thus mainly directed to these
big clods rather than to the smaller ones. Therefore, the big soil cylinders
were taken under inspection in order to simulate more accurately the conditions
in the field than when employing the small soil cylinders mentioned in previous
chapters.

This inspection is mainly concerned with soil cylinders prepared as dry.
The scanty results of the water movement and thus also the pore volumes in
big soil cylinders prepared from soil paste are still very preliminary. In the
following studies the main objects of inspections will, however, be the big
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soil cylinders prepared from paste, because the soil ploughed in the autumn
more often resembles soil paste than fine ground dry soil.

The moisture distribution in big soil cylinders prepared as dry has changed
very clearly as a consequence of a one-week freezing (—s° C) (Fig. 11). In the
silty clay samples the change seems stronger than in heavy clay samples, which
result is analogous to the results achieved for the small soil cylinders. Compaction
seems not to have had any remarkable effect on the moisture contents in dif-
ferent parts of the soil cylinder, though there is a tendency that the stronger
compaction causes slightly smaller moisture content differences between the
inner and the outer parts of cylinder than the lighter compaction. In fact,
this result is more obvious than can be decided from the figures. Especially
at lighter compaction, in some cases some water moved to the outer surface
of soil cylinder was fastened as ice to the plastic tape around the cylinder.
When the tape was removed before cutting the soil, some ice was also removed
from the surface ice layer. Because of the irregularity of the fastening, the
amounts of ice lost this way from the soil have never been attempted to cal-
culate, and has therefore not been taken into consideration in the figures. In
general, the amounts of ice removed were, however, so small that they hardly
had any great effect on the percentage figures given. In heavier compaction
the amounts of ice fastened were remarkably smaller; in most cases there was
no ice.

The very similarity of the curves in both soil type groups and in both com-
paction levels is worth noticing. An interesting feature is that neither for
the heavy clay samples nor the silty clay samples has the shape of the curves
been affected by the moisture content when freezing has started and, as a
consequence, the difference in the moisture contents between the outer and the
inner parts of the cylinders has not changed very much especially for the heavy
clay samples. Once again the mutual similarity of the behaviour of the samples
S 3 and S 4 is conspicuous despite their dissimilarity with regard to particle size
and organic carbon content.

An essential factor affecting the structural formation of big soil clods due
to freezing is apparently the accumulation of water in a rather thin layer on
the soil surface. In all the samples studied here, the thickness of the layer,
where the water content has exceeded the initial water content at freezing
(a small arrow —>■ on the curve), has been about 12 to 14 mm. The thickness
of this layer has been about the same in both of these soil type groups,
though it seems that it may have been slightly thinner in the silty clay samples.
It is probable that just this accumulation of water on a thin soil clod surface
is an< essential factor causing the well aggregated and friable structure of soil
surface in a ploughed field.

The inner parts of these big soil cylinders have dried very uniformly as
was the situation with the small soil cylinders. When the moisture contents
of the inmost parts of the cylinders are compared with the corresponding
contents in the water retention curves (Fig. 6), it can be noticed that particularly
the inner parts of the heavy clay soil cylinders have dried to about the same
water potential, —1.3 to —2.0 bar. The samples S 3 and S 4 seem to have
remained somewhat moister.
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Fig. 11. Movement of soil water in the big heavy clay and silty clay soil cylinders
prepared as dry and compacted with pressures of 0.1 and 1.0 bar respectively. Time
of freezing 1 week, freezing temperature —s° C and water potential in the beginning
of freezing —O.l bar. The small arrow by the curve indicates the water content in
the beginning of freezing and cm = the distance from the centre of soil cylinder.
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The freezing time employed in this experiment was one week to ensure
full freezing of the soil cylinder. A remarkably shorter freezing time would,
however, have been long enough for the same effect. This could be confirmed
by studying the freezing time needed for water to move as a result of freezing.
The basis for this inspection was that the first freezing weathers in the autumn,
occurring most often at clear nights, generally do not last very many hours.

The procedure of this experiment was a repetition of the above, except that
the freezing (—s° C) lasted 3,6, or 16 hours. (18 hours for the big soil cylinders
prepared from paste). The freezing time of 3 hours has already caused a clear
movement of water inside the soil cylinder (Fig. 12) and there are no great
differences between the shapes of the individual curves, though the percentage
of water contents in the beginning of freezing (—�) differ remarkably. A 6-hour
freezing has already caused perceptible bending of curves particularly for the
samples C 1 and C 2 which are high in clay fraction content and low in organic
carbon content. This obviously means that the movement of water has diminish-
ed, while in the coarser soil S 1 this phenomenon is not so evident. A natural
consequence of the longer freezing time further seems to be a slightly thicker
accumulation layer in the 6-hour freezing than in the 3-hour freezing. The
curves of a 16-hour freezing already resemble very much those after one week
of freezing and, when examining the thicknesses of the accumulation layers,
it seems that the effects of one-week freezing and 16-hour freezing have been
in this respect quite similar. The freezing time exeeding 16 hours, had thus no
additional effect on the movement of water within the soil clods of the size
analyzed.

The movement of water in big soil cylinders prepared from paste seems
not to differ very much from the heavy clay samples prepared as dry the
preliminary tests were made on (Fig. 13). In addition to that the difference in
the water content between the outer and the inner parts of soil cylinder is a
function of the water content of the cylinder in the beginning of freezing, it still
seems obvious that the difference formed was not in these paste made cylinders
as great as in the cylinders prepared as dry. This, in fact, is apparently due
to the greater hydraulic conductivity in the latter. But nevertheless, a rather
short freezing (three hours) has already caused also in these relatively homo-
geneous samples clear water movement. Indeed, this factor, the moving of
water to the clod surface as a consequence of a relatively short freezing period
may be one of the most essential factors determining the soil surface structure.
Apparently, this may be more important than whether an equilibrium in the
water movement has been reached or not.
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Fig. 12. Effect of 3 6 16-hour freezings at —s° Con the move-
ment of water in the big soil cylinders prepared as dry. Freezing
temperature —s° C and water potential at tie beginning of freezing

0.1 bar (the small arrow -* by the curve).
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2. Effect of water movement on the total pore volume
of soil cylinders
Earlier in this study, it has been proved that the pore volume of aggregates

is strongly dependent on the moisture content (p. 283). It was, therefore,
supposed that the remarkable changes in the water contents of the soil cylinders
measured in the former chapters, probably affect the porosity properties too:
the accumulation of water increases the porosity of the outer surface of soil
cylinder, while the decreasing water content inside the cylinder has a dimin-
ishing effect on the total pore volume.

The total pore volume determinations were made from the corresponding
soil cylinder parts as the moisture content determinations after a three-week
freeze-drying. Furthermore, total pore volumes were determined also for soil
cylinders air dried without any freezing treatments.

Fig. 13. Movement of soil water in the big Cl— and C2—

soil cylinders prepared from paste at three different soil wa-
ter contents and three different freezing periods. The small
arrow -* by the curve indicates the water content in the
beginning of freezing. Freezing temperature —s° C.
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a. Effect of water movement on the total pore volume of small soil cylinders

The differences in the water contents between the outer and the inner parts
of soil cylinders were remarkable in all the samples, especially when the water
potentials were highest (Fig. 10, Table 22). This fact seems, however, not to
have had very great effect on the total pore volumes of these parts of the soil
cylinders but these differences seem to be rather small, especially in the heavy
clay cylinders (Fig. 14). In the silty clay samples the total pore volume dif-
ferences between the outer and the inner parts of cylinders seem to be slightly
more evident. According to this, the disruptive effect of the accumulation of
water on the outer parts of the soil cylinder together with the diminishing wa-
ter content in the inner parts of the cylinder, is thus not very probable.

But on the contrary, more essential, as far as the structure of soil cylinders
and that of clay soils in general are concerned, is that the pore volumes, both of
the outer part (Vr ) and the inner part (V;) have been significantly greater than
the pore volume of air dried soil cylinder (VQ ), when the soil has been treated as
wet. According to Figure 14, the conception wet can be understood in this
case to cover the water potentials from —O.OOl to about —l.O bar. Within
these water potentials the air dried specimens analyzed have been significantly
dense compared to the frozen specimens. It can be concluded from Figure
14 that the influence of freezing has been efficient and, moreover, it has been
the more effective the more wet the soil has been. Actually this result is not
a new one among the studies on soil frost, but this result confirms the fact that
each curve representing both the inner and the outer total pore volume of
specimens have a point of minimum at about the water potential of —0.34
to —l.O bar. In practice this means that the soil compaction at this water
potential is the most detrimental as far as the tillering effect of freezing is
concerned. Even compaction of very wet soil is not so dangerous because of
the greater effectiveness of freezing which effectiveness is not limited to
the clod surfaces only, but it extends to the inner parts of clods as well.

When the soil becomes drier the movement of water diminishes. At the
same time the positive effects of freezing will also diminish. In a dry soil,
water potential below —l.O bar, the effects of freezing have thus been non-
significant, but the compaction has not had as detrimental an effect as in wet
soils.

In the former experiment the soil compaction was made with a spatula
when the soil cylinders were made from soil paste and thus the compaction
degree was not exactly controlled. The effect of water movement on the
determination of pore volume was also observed at the conditions the com-
paction pressure was controlled (Fig. 15). The total pore volume of the outer
part of soil cylinder prepared as dry has been remarkably greater than the
pore volume of the air dried soil cylinders at all compaction levels studied.The
total pore volume of the inner part of the cylinder has been only for the
samples C 1 and C 2 greater than the pore volume of air dried cylinders and,
in this respect, the results achieved with these soil cylinders are not quite anal-
ogous to the results from the former experiment in which soil paste was
employed.
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It is conspicuous that among the heavy clay samples compaction has been
the more drastic the smaller the organic carbon content has been. But on the
other hand, also the loosening of the soil has been greater in these soils low in
organic carbon content than in the soils containing more organic carbon. The
reasons for this are apparently the same as expressed earlier in this work in
connection with the inspections of the effects of freezing on the total pore
volumes of aggregates (p. 292). This apparently is also the reason for the
slight tendency that the increase of total pore volume has been relatively
greater after a heavy compaction than after a lighter one.

According to Figure 15, it could be concluded that particularly in the heavy
clay soils the soil structure reverts to its original state, or about to the same,
surprisingly quickly. It can be observed that within some samples the Vr at
1.0 bar compaction has been of about the same size as the V 0 after 0.1 bar
compaction. It may be obvious that the reverting is still stronger in actual
field conditions, because the results given in Figure 14 make it possible to
conclude that the effects of freezing are apparently still stronger if the soil is
in the form of soil paste. And this, in fact, is the case most often in Finnish
fields at the time ploughing takes place. It seems thus, according to this
experiment, that the damages of compaction existing in the clay fields after
ploughing in the autumn are not very dangerous because of the quick reverting
as the consequence of freezing and water movement.

b. Effect of water movement on the total pore volume of big soil cylinders
The great differences in the water contents within the different parts of

the big soil cylinder as the consequence of one-week freezing (Fig. 11) have

Fig. 16. Total pore volume distribution in the big soil cylinders prepared as dry,
after 1.0 bar compaction and —s° C freezing. Freezing time one week, and soil wa-
ter potential in the beginning of freezing —O.l bar.
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reflected also on the corresponding pore volumes (Fig. 16). The total pore volume
determinations have been made in this case from the corresponding soil clods
as the moisture contents presented in Figure 11, but after freeze-drying. The
pore volume curves of the heavy clay cylinders are very similar in shape to
the corresponding water content curves indicating that the change in water
content has clearly affected the total pore volume of big soil cylinders, too.
The corresponding curves of the silty clay samples are not so similar in shape.
A remarkable increase in the water content in the surface of the silty clay
cylinder has not caused an increase of the total pore volume to the same degree
as the smaller amount of water in the heavy clay cylinders. In general, the
changes of the total pore volumes have been smaller in the silty clay samples
than the heavy clay samples, which result already has been achieved with
earlier experiments in this study.

The different magnitudes of pore volume increases appear also from the
figures calculated on the basis of this experiment, showing what the in-
crease of total pore volume is, expressed as percentage units, if the water con-
tent increases with one percentage unit. The following ratios were achieved on
the basis of the corresponding differences in moisture content and total pore
volume of the soil pieces c and d:

Cl C 2 C 3 04 SI S 2 S 3 S4

0.56 0.47 0.46 0.46 0.48 0.25 0.25 0.17

These figures indicate that the water movement in the samples S 2, S 3
and S 4 has not had as great an effect on the increase of the total pore volume
as the other samples have had. It is to be noticed that sample S 1, where the
organic carbon content is the lowest among the silty clay samples, differs
from the other silty clay samples. This result is true also with sample C 1 of
the heavy clay samples, the ratio reflecting the increase of pore volume being
slightly stronger than that of the other.

This result is obviously due to the important role of organic matter de-
termining the pore size distribution. Figure 6 already showed that the propor-
tions of large pores in these two samples were, according to the classical defini-
tion, smaller than that of the other samples. It has been pointed out earlier
that the relative increase of the pore volume due to freezing, will be in soils
with less organic carbon greater than in soils rich in organic carbon. This,
because of the lack of large pores. The greater proportion of large pores orig-
inally in the other heavy clay samples than C 1, or the other silty clay samples
than S 1 is therefore a reason why the rations have remained smaller.

The preliminary results of the analysis of the big soil cylinders prepared
from soil paste showed also a significant increase of total pore volume according
to the change of water content because of freezing (Fig. 17). An important
result of this experiment is that, in spite of the heavy compaction (1 bar),
even the inner parts of the soil cylinders have been remarkably more porous
than the corresponding soil cylinders air dried at room temperature. These
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preliminary results thus confirm the suppositions presented ahead that freezing
has positive effects on the inner parts of the soil clods, too, in spite of the
escape of water due to freezing.

Fig. 17. Total pore volume distribution in the big C- and C- soil cylinders
prepared from paste at three different soil water contents after 1 bar compaction
and 6- and 18- hour freezing at —s° C. V 0 indicates the total pore volume of the
corresponding specimen not frozen but air dried.
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Discussion

In Finland soil frost is considered one of the most significant factors affecting
soil structure. According to a generally accepted opinion, it has positive effect
on soil. This opinion is based on the yearly experience that the tillering prop-
erties of clay soils change considerably during the winter, this change being
mostly positive. The deduction is apparently justified, although in practice it
is difficult to find a field where the frost had not affected the soil. Thus there is
normally lack of objects of comparison.

The above observations have been sustained by numerous field experiments.
According to Czeratzki (1971), soil frost as a breaking factor of heavy clay
clods is by far the most effective factor affecting the soil surface in these climatic
conditions. Also the field experiments performed in this study confirm the
great significance of freezing. The field experiment set up for the winter 1977
1978 showed that the samples taken in the autumn were remarkably harder
than the spring samples. In addition it showed that any measures on the soil
to change the effects of soil frost, e.g. covering with straw or plastic or keeping
the soil clean from snow, did not enhance the positive effects of frost, but
rather deteriorated its tillering properties.

The effects of freezing seem thus to be quite obvious if the situation is
being observed in the field or in the laboratory as far as the analysis includes
only a qualitative evaluation of the effects of the frost. One of the greatest
difficulties in this study was to find a suitable method to measure the effects
observed in the field quantitatively and to explain the mechanism of the
processes. It seems that the authors dealing with the effects of freezing content
themselves with presenting the qualitative results of the analyses without
trying to explain the mechanism of the processes. The reason for this may be
the fact that the aggregates formed by freezing are relatively weak and the
changes are rather instabile. So, the results achieved for example by different
wet sieving procedures or by procedures including effects of water in general
seldom serve as the basis of a quantitative interpretation of the mechanism
of freezing.

The qualitative analyses are, however, important as they interpret the
behaviour of soil at certain reduced conditions and, thus, indicate the possible
behaviour also in natural circumstances in the field. In this sense the results
of certain qualitative analyses have also been presented in this study.
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I Soil stability

A quite clear result achieved by the analyses was that the freezing
performed to the soil at the soil water potentials of —0.02 and —O.l
bar caused a diminishing of the water content retained at —O.l to —O.Ol bar
compared to the specimen not frozen. The corresponding result has been
achieved e.g. by Domby and Kohnke (1955) and Leo (1963). According to
Hinman and Bisal (1973), the percolation rate at alternate freezing and
thawing decreased at a high moisture content (—O.l bar) but increased at
—0.33 bar. It is apparent that one factor causing this type of behaviour is
the mutual instability of the primary and secondary particles in the untreated
specimen, as has been pointed out by Richardson (1976) on the basis of
electron micrographs of suspended soils. Ice formation in this system will
cause the soil particles, particularly the ones very next to the ice formed, to
move and thus to lose their instability, making the new arrangement more
dense than the former one. It is also possible that the thawing of ice followed
by a new distribution of water within the specimen may also cause the particles
to move into a more stabile postition. It can be understood thus that when
studying the effects of soil frost by employing the methods including the effects
of additional water, the results achieved are no longer purely effects of freezing,
but also effects of additional water. It seems thus obvious that, for example,
by employing a water retention analysis, the results do not represent exactly
the effects of freezing only, though they qualitatively may show the possible
behaviour of soil in field in certain conditions.

In the same way as the water retention analysis is qualitative by nature,
also the different sieving methods, wet or dry sievings and water drop anal-
ysis have a similar nature. It seems that the wet sieving analysis is the
most widely used in evaluating the freezing effects on soil aggregates.
The results of wet sievings achieved in this study were analogous to the studies
existing in the literature. Thus, the disruptive effect of freezing has been
evident at the soil water potentials of —0.06 and —0.34 bar. At the lower
water potentials, freezing had no effect. This result is understandable, first,
on the basis of the dependence of the freezing point on the soil water potential
(Schofield 1935, Williams 1967). Second, smaller amounts of water will
cause the degree of diverging of soil particles to diminish, as was shown by the
determinations of total pore volumes of moist aggregates. Therefore, in wet
soil the disruptive effect of freezing is relatively still stronger than in drier soil.

In the wet sieving experiments employed in this study, the aggregates
were let to thaw before air drying. According to the results of the water re-
tention analysis, a natural consequence of these processes is that the particles
collapse into a more dense conformation. Obviously the disruptive effect of
ice has, however, been strong enough at these highest water potentials for the
water formed by thawing of ice not to eliminate the large cleaves formed by
freezing and thus to disrupt the aggregates.

The number of freezing cycles had surprisingly little significance on the
results of wet sieving. Only at the temperature of —2s° C the increase of the
number of freezing cycles from 5 to 25 seemed to increase the breakdown of



314

aggregates, but at —s° C this could not be observed. Although it cannot be
concluded on the basis of the data available exactly, why the disruptive effect
of the temperature of —s° C has stopped at five cycles whereas that of —2s° C
has not, the speed of freezing could be one reason. It may be possible that
at fast freezing the formation of new freezing centres within the aggregate as
the number of freezing cycles increases is more obvious than at slow freezing.
In general, at fast freezing there are more freezing centres than at slow freezing,
because there are more sites for freezing to begin at lower temperatures than
there are at higher ones, which is simply due to the water potential (Ander-
son 1968). So, at a fast freezing it is possible that the freezing centre is not
necessarily at the same point at each freezing cycle, because of the freezing
speed and the movement of water due to ice formation.

At slow freezing, e.g. —s° C, as was the case in this study, it can be supposed
that if an ice lense forms at the first freezing cycle, an ice lense probably forms
at the second freezing cycle in the same site, too, if the freezing temperature
and soil water contents are the same. It is probable that the cleavage formed
at the very first freezing is a source of a new ice lense formation, because the
water potential apparently is in this part of the soil higher than in the soil
immediately around it. This makes it easy to understand the statement of
Logsdail and Webber (1959), according to which the greatest breakdown
of aggregates occurrs at the first freezing cycle. So in this case, too, the strong-
est breakdown of the aggregates may have occured at the temperature of —s° C,
already during the first freezing cycle (cf. Table 5). At the temperature of

25° C, freezing may have been, on the contrary, faster and the formation of
ice more occasional compared to —s° C and therefore the amounts of moved
water have remained smaller. As a consequence, ice has formed all over the
aggregate instead of big lenses, which has made the disruption more total
(Bryan 1971).

II Soil aggregation

The situation in the soil in respect to the moisture content seems, according
to this stydy, essentially to determine the soil structure and particularly the
porosity. It is possible that the total pore volume of soil will not increase by
freezing very much from the pore volume of moist soil, if it increases at all.
The soil may reach its maximum porosity already when moist and the effect
of freezing on the soil porosity may, on the contrary, be even negative if the
soil has thawed before drying. This could be confirmed by comparing the
corresponding figures of silty clay samples at the water potential of —0.02
bar in Tables 17 and 18. But, if the situation allows the water to escape from
the soil by sublimating, the increase of total pore volume may be remarkable.
This increase was, however, not in this study at the water potentials of —0.02
and —O.l bar as great as it was in the aggregates only wetted, though the
increase of water volume by freezing was supposed to have reflected also on
the pore volume changes of aggregates.

This result most probably is due either to the fact that the broken aggregate
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had collapsed after the escape of »ice skeleton» from the aggregate pores, or the
collapse had occurred at the determination of pore volume as a result of mer-
cury pressure. Both of these possibilities, if true, indicate that the structure
of soil formed by the sublimation of ice is extremely fragile. On the other hand,
these results can also be interpreted as the water in soil/aggregate to be able
to keep the aggregate unbroken very effectively. The results of the water drop
analysis and particularly those of wet dropping actually showed the same:
although the freezing had caused the aggregate to break down, a certain
amount of water, however, guaranteeded that the aggregate did not break down
totally.

Occasionally in the early spring, when the furrows of ploughed field partly
become bare from snow, it is possible for soil water to sublimate. This may have
some influence on the formation of soil structure when tillering in the spring.
It can, however, be supposed with good reason that the climatic conditions
existing already in the autumn before soil freezes permanently have an
important effect on the structural properties of soil. As appeared already in
the very beginning of this study, both in the autumn and in the spring the
diurnal variations of the soil surface temperatures may be very remarkable.
Basing on this observation and on the supposition that the water movement
connected with the short freezing period both in the autumn and in the
spring has an essential effect on soil structure, the latter part of this study
mainly concentrates on water movement caused by freezing and its effects on
soil porosity.

The movement of water connected with the freezing phenomenon appar-
ently is one of the most important factors determining the structural
formation. A natural consequence of this movement is that some parts of the
soil get dry. This may be one reason for the effects of freezing commonly
being regarded as very similar to the effects of the wetting-drying treatments
(Baver et al. 1972, Soulides and Allison 1972, Richardson 1976) and, in
fact, the results achieved here really agree with this opinion.

Water movement forms different types of frost structures in different
soil types due to the non-similar hydraulic properties of soils (Kokkonen
1926, Taber 1930, Beskow 1935, Penner 1956). It is typical of these frost
structures that particularly in clay soils the ice lenses are horizontally located
in the soil profile. But, as has been demonstrated by Eriksson (1941) with
his X-ray pictures, the formation of ice lenses is not only limited to the soil
profile and they are not only horizontally positioned; their formation may
be remarkable already in the micro structure of soil and their directions may
vary. It is obvious that the water movement particularly in this micro struc-
ture and the formation of micro ice lenses at the very soil surface are essential
factors affecting the structure of clay soils.

The circumstances in the autumn and spring make both factors appearing
above possible, i.e. water movement to the soil surface because of freezing
and sublimation of water. These two factors together apparently affect the
breakdown of soil clods, which effect can already be seen in the ploughed clay
field in the autumn after some freezing nights. This could be confirmed also
with the experiments set up in this study. Already a rather short freezing time
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three hours at —s° C had caused quite abundant water movement
in all the soils studied (Fig. 12). This means that even quite a short period
below the freezing temperature in the field is enough to cause soil to freeze. This
conclusion is justified on the basis that water movement in a freezing system
is mainly due to the hydraulic gradient as a result of ice formation and only to
a minor extent to the temperature gradient (Dirksen and Miller 1966).
The experiments in this study showed that —2° C was only in few cases low
enough for freezing to start, lower temperatures were required.

A good agreement between the observations in the field and the results
of this study was in that the accumulation of water took place in a rather
thin soil surface layer, about 10 to 12 mm. In the same way, even the aggre-
gated surface of furrow in the ploughed field, caused by »soil frost» is of about
the same thickness. It seems thus obvious that the aggregating effect also on
the field surface is greatly due to the moved water freezing in this surface
layer.

The preliminary experiments with big soil cylinders prepared from soil
paste showed that the thickness of the layer where water accumulates at
freezing was to a certain extent independent from the water content in the
beginning of freezing (Fig. 13). This result obviously also indicates the dom-
inant role of the ice phase in determining the water movement towards the
freezing front. Another observation, which apparently has also an essential
role in determining the soil structure, is the fact that the inner parts of a big
soil cylinder have remained more wet when freezing wet soil than when freez-
ing drier soil. This fact actually is due to the role of ice phase in determining
the water movement, the speed of movement being apparently about the same
at the moisture contents inspected. The curves further show that this speed
has not been great enough to ensure all the mobile water inside the cylinder
to move to the edges of the cylinder, but it has frozen on the spot, thus affecting
the soil structure. It has been pointed out e.g. by Dirksen and Miller
(1966) and Hoekstra (1967) that the movement of water may take place
very fast, which result in fact was achieved also in this study. It seems, however,
obvious that in few cases the entire mobile water is able to move to the freez-
ing front, but it freezes on the spot and thus the ice formed affects the struc-
ture formation.

11l Conclusions

When discussing soil structure and particularly the soil pore volume, it seems
on the basis of the results achieved in this study that the deteriorative measures
on the soil, e.g. different compaction procedures, were not under the climatic
conditions of Finland very detrimental as to the soil structure. The pore
volume reversion seems to occur quite effortlessly even after a rather strong
compaction, and so did the pore volume of the inner part of soil cylinder,
short of water as the consequence of ice formation. At the water potentials
of —0.3 to —l.O bar the soil compaction seemed to be the most detrimental.
At potentials higher than —0.3 bar, the freezing very effectively eliminated
compaction which had occurred in the soil without freezing (Fig. 14.). Accord-
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ing to this, it seems that the compaction of wet soil is not so dangerous as
far as the soil pore volume is concerned. But it seems to be more dangerous,
if the soil dries without freezing. The compaction of a soil drier than —l.O
bar seems not to be so dangerous, but freezing had no effect either.

The research material does not allow any far reaching generalizations
because of its concisness. But consisting, however, of samples in which the
effects of freezing have been apparent, and the type of soils being rather common
in certain parts of Finland, some general conclusions can be drawn.

On the basis of the suppositions, according to which the climatic conditions
in the autumn may affect greatly what structure the ploughed field will
have the following spring, it seems obvious that to enhance the effects of »soil
frost» it is important to enhance the effects occurring also in the autumn.
One way would be to plough the fields so that the soil surface area, through
which the heat of soil may flow out in the cold nights is as large as possible.
This means that the ploughs, which break the furrow would be better for
clay fields than the ploughs, which do not break the furrow. The large surface,
area would then ensure accumulation of ice also on a large area and thus the
positive effect of freezing would be enhanced.

In the spring the fields are often flooded. As appeared also in this study,
the water forming by the thawing of ice may effectively eliminate the aggre-
gating effects of freezing. There are, however, no great reasons to fear that
the floods would be able to eliminate all the positive effects of freezing. Despite
the fact that the wet sieving analyses employed in this study were simplified
and left room for interpretation, the results achieved showed that the positive
effects of freezing may remain in the ploughed field to some degree at least
in spite of the excess water.

This study does not support the endeavours to cultivate clay soils without
ploughing in the autumn, if a good seedbed is striven for. In addition, already
the very early measurements in the beginning of this study concerning soil
temperatures and the depths of frost showed that the fields not ploughed
were not better, rather the contrary. The reason is natural: by enhancing the
loosening effect of ploughing (Keränen 1924), the frost, by breaking the dense
soil, also enhances the infiltration of excess water (Keso 1936) thus ensuring
a quicker warming up of the soil.
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Summary

In the present study the effects of moisture and freezing on some physical
properties of clay soils are under discussion. The study can be divided into
two parts, the first consisting of field observations and the second of labo-
ratory experiments.

In the field experiments, made at two sites in the south of Finland, Helsinki
(60° 14' N) and Kiikala (60° 27' N), the soil types of the fields being silty clay,
the temperature measurements showed remarkable daily variations. An im-
portant observation was the sinking of temperature below freezing point
numerous times both in the autumn and spring. The variations were limited
to a very thin surface layer only.

The depth of soil frost was in the winters the measurements were made
deepest in the ploughed field. If the soil surface was covered with some insu-
lating material, it prevented the frost from penetrating as deep as in a ploughed
field, but it effectively slowed up the thawing of frost and in general the
warming up of soil in the spring, too. The thawing of soil frost would take
place in the soil covered with straw up to two weeks later than in a ploughed
field.

The laboratory analyses were made with soil material consisting of four
heavy clay samples and four silty clay samples, all samples taken from a
surface layer of the field. These analyses factually consisted of qualitative analyses
including water retention analyses, wet and dry sieving analyses and a water
drop analysis as well as quantitative analyses. These last analyses included
measurements of total pore volumes after different treatments and measure-
ments of the amounts of water moved because of freezing.

The amounts of water retained particularly at the highest water potentials,
0.001 to —O.l bar, were diminished both in the undisturbed samples and

also in the disturbed samples, while the air volume of undisturbed samples was
increased. The effects of wetting-drying treatments were similar to the freez-
ing treatments.

The wet and dry sievings both showed that the s—lo-mm aggregates
disrupted more effectively when frozen at the water potential of —0.06 bar
than at a lower potential. The heavy clay aggregates tended to break down
even at the potential of —0.34 bar. The temperature of —2s° C had a stronger
disruptive effect than —s° C on the heavy clay aggregates and at the potential
of —0.06 bar only. This result was more evident at dry sieving than at wet
sieving. Even the disruptive effect of the wetting-drying treatment, being
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similar to that of freezing treatment, appeared more evidently at dry sieving
than at wet sieving.

The increase of number of freezing cycles enhanced the disrupting effect
at the freezing temperature of —2s° C more effectively than at —s° C, the
water potential being —0.34 bar, when the aggregate stability was analyzed
with sievings.

By analyzing the aggregate stability with the water drop analysis the
water potentials required for aggregate disruption by freezing were —0.06
and —0.34 bar. The effects of the two freezing temperatures, 5° C and
—2s° C, were similar and even the wetting-drying treatment as disrupting
agent was similar to the freezing treatment. The increase of number of freezing
cycles had no effect on the results of water drop analyses, the water potential
at freezing being —0.34 bar.

The total pore volume of s—lo-mm heavy clay aggregates was almost
linearly dependent on the water potential from air dry up to —O.l bar at
which potential the increase ceased. The increase of the total pore volume of
heavy clay aggregates was about 20 percentage units, when the water potential
was increased from air dry to —0.02 bar. In the silty clay aggregates the
increase of water potential from air dry to —15.0 bar had not caused any
increase of pore volume, but at the potential of —15.0 to —0.02 bar there
was a rather straightforward dependence between these two variables. At
its highest, at the potential of —0.02 bar, the increase of total pore volume
was about 12 to 17 percentage units.

The effect of freezing on the total pore volume of aggregates was very
negligible if the aggregates were let to thaw before drying. For the heavy clay
aggregates the increase was about 2 to 3 percentage units and for the silty clay
aggregates about 1 percentage unit, when the water potential was —O.l to
—0.02 bar at freezing (—s° C). If the aggregates were only moistened to the
corresponding potentials and let to dry without freezing the increases were
almost equal.

If the ice was let to sublimate from the frozen aggregate, the total pore
volume increased significantly from that of the air dry aggregates. The in-
crease was, however, not so great as it was in the aggregates only moistened.
For heavy clay aggregates it was about 9 to 13 percentage units at the potential
of —0.02 bar. The corresponding figures for the silty clay aggregates were
about 5 to 7 percentage units. Even at the potential of —15.0 bar there was an
increase of about 2 to 5 percentage units for the heavy clay aggregates, while
the silty clay aggregates showed no increase at this potential.

In the latter part of the study, the movement of water due to ice formation
is studied. The experiments were performed either with small soil cylinders,
25 mm in diameter and 10 mm in height or with bigger ones, 85 mm in diameter
and 35 mm in height. In the small cylinders the moisture content difference
between the inner and outer parts of soil cylinder showed almost a linear
dependence on the water potential at freezing. The correlation coefficient
between these two variables was r = o.96*** for heavy clay cylinders and
r = o.93*** for silty clay cylinders. The freezing temperature was —s° C.
The movement of water ceased in the heavy clay cylinders at the water potential
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of —2.0 to —4.0 bar and in the silty clay cylinders at —3.0 to —B.O bar. The
temperature of —2° C was not in all cases low enough to cause the soil cyl-
inder to freeze and thus the water to move.

The results achieved with big soil cylinders showed that already a three-
hour freezing at a temperature of —s° C caused significant water movement.
A 16-hour freezing was long enough to cause the same effect as the one-week
freezing. Three hours of freezing caused a difference in moisture content of
about 5 to 7 percentage units between the outer and the inmost part of soil
cylinder and the 16—hour freezing about 13 to 28 percentage units, when the
water potential in the beginning of freezing was —O.l bar.

The accumulation of water in a rather thin surface layer of the soil cylinder
caused a significant increase in the total pore volume in this part of the soil
cylinder. But in spite of the water escaping from the inner parts of the soil cyl-
inder, the total pore volumes of these parts were, however, after the treatments
greater than those of the corresponding soil cylinders not frozen, only air dried.
This result presupposed, however, that the water potential exceeded —l.O
bar in the beginning of freezing. At a lower water potential the positive effect
of freezing was in general non-significant. The most obvious positive effect
was to be seen in the heavy clay samples, and particularly in those, low in
organic carbon content. On the basis of these results, it could be concluded
that the compaction of heavy clay soils is in Finnish climatic conditions not
very detrimental because of the strong ameliorating effect of soil frost.
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SELOSTUS

Kosteuden ja jäätymisen vaikutus eräisiin muokkauskerroksesta otettujen
savimaanäytteiden fysikaalisiin ominaisuuksiin

Simo Kivisaari
Yliopiston maanviljelyskemian laitos, Helsinki

Tämän tutkimuksen tarkoituksena oli selvittää, mitkä ovat niitä tekijöitä, joiden vaiku-
tuksesta savimaiden pinta talven aikana muuttuu. Tutkimus jakautuu kahteen osaan, joista
ensimmäinen käsittelee kentällä tehtyjä havaintoja ja toinen laboratoriossa tehtyjä mittauksia.

Kenttäkokeet tehtiin Helsingissä ja Kiikalassa, joissa kummassakin koealan pinta oli
lähinnä hiesusavea. Lämpötilamittaukset osoittivat, että vuorokautiset lämpötilavaihtelut
saattoivat olla sekä syksyllä että keväällä erittäin suuria etenkin aivan maan pinnassa. Mer-
kille pantavaa oli, että kumpanakin vuodenaikana lämpötila saattoi laskea lukuisia kertoja
0° C alapuolelle.

Routa tunkeutui talven aikana syvimmälle kynnetyssä maassa. Mikäli maa oli peitetty
jollain katteella tai jätetty kyntämättä, roudan syvyys jäi pienemmäksi, mutta katteen vai-
kutuksesta se kokonaisuudessaan suli myöhemmin ja maa siten myös lämpeni hitaammin.

Laboratoriossa tutkittavana ollut näyteaineisto koostui kahdeksasta pintamaanäytteestä,
joista neljä kuului aitosaviin ja toiset neljä hiesusaviin. Analyysimenetelmät jakaantuivat
lähinnä kahteen osaan ensimmäisen osan koostuessa kvalitatiivisista menetelmistä. Näitä olivat
maan vedenpidätysanalyysi, märkä- ja kuivaseulonta-analyysi sekä pisarointianalyysi. Jälkim-
mäisessä osassa tarkasteltiin maan huokostilavuuden muuttumista erilaisten käsittelyjen vai-
kutuksesta sekä sitä, mikä osuus on jäätymisen aiheuttamalla veden liikkumisella maan
huokoisuuden muuttumiseen.

Jäätyminen vaikutti —O.OOl 0.1 bar veden potentiaalilla pidättyneen veden määrää
vähentävästi sekä häiriintymättömillä lieriönäytteillä että rikotuilla näytteillä aiheuttaen
samalla sen, että edellisten ilmatila kasvoi.

Sekä kuiva- että märkäseulonta kumpikin osoittivat, että 5 10 mm aggregaatit rikkoon-
tuivat jäädytyksen vaikutuksesta herkemmin —0.06 bar veden potentiaalissa kuin sitä al-
haisemmissa. Aitosaviaggregaateilla vielä —0.34 bar potentiaali oli riittävän korkea aiheutta-
maan rikkoontumisen. —0.06 bar potentiaalissa —2s° C lämpötilan vaikutus oli voimakkaampi
kuin —s° C. Kostutus-kuivatus käsittelyn vaikutus oli yleensä hyvin samansuuntainen jäädy-
tyskäsittelyjen kanssa tämänkaltaisten tulosten tullessa selvimmin esille kuivaseulonta-analyy-
seissä.

Jäädytyskertojen lisääminen viidestä 25:een lisäsi aggregaatien rikkoontuvuutta etenkin
25° C lämpötilan vaikutuksesta veden potentiaalin ollessa jäädytettäessä —0.34 bar, mikäli

stabilisuutta analysoitiin seulonnoilla. Pisarointianalyyseissä tätä ei voitu todeta. Muilta osin
pisarointianalyysin tulokset olivat lähes vastaavia seulonta-analyysien tulosten kanssa.

510 mm aitosaviaggregaattien huokostilavuus oli lähes lineaarisesti riippuvainen veden
potentiaalista välillä ilmakuiva 0.1 bar. —O.l bar potentiaalissa huokostilavuuden kasvu
heikkeni märempään päin siirryttäessä. Huokostilavuuden kasvu oli näillä ilmakuivasta

0.02 bar veden potentiaaliin noin 20 prosenttiyksikköä. Hiesusavilla veden potentiaalin
nostaminen ilmakuivasta —15.0 bariin ei aiheuttanut huokostilavuudessa kasvua, mutta välillä
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15.0 bar —0.02 bar riippuvuus oli lähes suoraviivainen. —0.02 bar potentiaalissa näillä oli
tapahtunut huokostilavuuden kasvua noin 12 —l7 prosenttiyksikköä ilmakuivaan verrattuna.

Jäätymisen vaikutus aggregaattien huokostilavuuden kasvuun oli erittäin vähäinen, mikäli

näyte sai sulaa ennen kuivumista. Aitosaviaggregaateilla tämä kasvu oli parhaimmillaankin
vain noin 2 3 prosenttiyksikköä ja hiesusaviaggregaateilla noin 1 prosenttiyksikkö. Pelkällä
kostutus-kuivatuskäsittelyllä oli kutakuinkin sama vaikutus.

Jos jää sai poistua aggregaatista sublimoitumalla, jäätymisen vaikutus huokostilavuuden
lisääjänä muodostui huomattavasti voimakkaammaksi. Aitosavilla tämä lisäys oli —0.02 bar
veden potentiaalissa noin 9—l3 prosenttiyksikköä ja hiesusavilla noin 5 7 prosenttiyksikköä
jääden siten kummassakin maalajiryhmässä vähäisemmäksi kuin huokostilavuuden lisäys
pelkän kostutuksen vaikutuksesta.

Veden liikkumista maassa jään muodostumisen vaikutuksesta tutkittiin kahden kokoi-
silla maalieriöillä. Pienemmillä 25 mmm läpimittaisilla lieriöillä voitiin todeta, että lieriön sisä-
ja ulko-osan välinen jäätymisen vaikutuksesta muodostuva kosteusero oli lähes lineaarisesti
riippuvainen veden potentiaalista jäädytyshetkellä. Veden liikkumisen voitiin todeta loppu-
neen aitosavilieriöillä noin —2.0 —4.0 bar veden potentiaalissa jäädytyslämpötilan ollessa
—s° C. Vastaavat luvut hiesusavilla olivat 3.0 —B.O bar.

—2° C lämpötila ei kaikissa tapauksissa ollut riittävän alhainen aiheuttamaan lieriön
jäätymistä.

Isoilla 85 mm:n läpimittaisilla maalieriöillä tehdyt kokeet osoittivat, että jo kolmen tunnin
jäädytys —s° C:ssa oli riittävä aiheuttamaan huomattavaa veden siirtymistä. 16 tunnin jää-
dytyksen vaikutus ei sanottavasti poikennut yhden viikon jäädytyksen vaikutuksesta. Kol-
men tunnin jäädytyksen vaikutuksesta lieriön uiko- ja sisäosan väliseksi kosteuseroksi muo-
dostui kummassakin maalajiryhmässä noin 5 7 prosenttiyksikköä veden potentiaalin jäädytys-
hetkellä olleessa —O.l bar. 16 tunnin jäädytyksessä vastaavat kosteuserot olivat 13—28 pro-
senttiyksikköä.

Veden kerääntyminen lieriön pintaan aiheutti siinä selvää huokostilavuuden kasvua. Mutta,
huolimatta siitä, että lieriön sisäosista poistui vettä, tämänkin huokostilavuus muodostui
suuremmaksi kuin niiden koejäsenten, jotka olivat kostutuksen jälkeen suoraan kuivuneet ilman
jäädytyskäsittelyä. Tämä tilanne edellytti kuitenkin, että veden potentiaali jäädytyshetkellä
ylitti —l.O bar. Alemmissa potentiaaleissa jäädytyksen merkitys oli yleensä vähäinen. Saa-
tujen tulosten perusteella voitiin päätellä, että tiivistymisellä ei Suomen ilmasto-oloissa voida
katsoa olevan kovin haitallista vaikutusta maan pintakerroksissa, jäätymisen kuohkeuttavan
vaikutuksen vuoksi.
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