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        Growth and Development of Perturbations on the Soil Surface
                                                              ee                due to the Repetition of Freezing and Thanving

                                 Xce eeeeee                    Akira Higashi and Arturo E. Corte

                                  Abstract

     Model experiments for making elear the processes in earlier stages o£
mound formation on the ground in arctic climate were carried out with a

homogeneous soil bed in a container of 67 x 42 x 15 cm. The soU was put

with very smooth surface up to the thickness of 7･wlO cm. Repetitions o£
freezing and thawings of which one cycle took about 10 days, gave rise to ,

increasing perturbations on the ground. Degree of perturbations were measde･./

ured by the number of contour lines and also by the standard deviation of

the heights of soil surface. These ewo indices increases linearly with the-,

number of cycles. No hab±tuation of the mound at certain spots on the so±l

was observed as far as the number of cycles did not exceed five. Importance

of differential effects with soils of different kind was made clear by obny-

servations on de£ormations and interactions of soil masses imbedded in the

matrix soil in a shape of transversal bank. Some recommendations for fur-

ther experimental researches are given.

                                Introduetion

     Although there are many variations in the types of patterned groundss

one of their remarkable features is bhat they exhibit convex surface shape

in the center of individual unit of bhe pattern. wrien the convexity in-ri

creases, the features are often called by their own name lilse frost hammecks

or frost mounds. It is believed that the features are developed by annual

Tepetition of freezing and thawing of soil in the active layer of permafrost
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or in subarctic earth suyface, and that processes of the development natu-

rally take very long time. Therefore, there have been some trcials of simu-

latiiig the processes in laboratory for making clear the mechanisms of mound

formation. Purposes of laboratory model experiments are both to shorten the

time required to reach the remarkable effect and to make the scale of ex-

periments small. These two reguirements are related each other by similari--

ty laws deTived from 'some'futidamental equations which govern the processes.

In addition, the laboratory experiments can be designed to separate various

factoTs affecting the phenomena. This mer±t is often one of the purposes of
model experiments in laboratory. A similarity law was derived only by con-

sidering thermal processes in solifluction phenomena (Corte and Higashi :

1971) and this can be applied to the present experiments.

     The present experiments aimed to extend small scale experimenks by one

of the authors (Cor'te: l967 and 1969)'to a larger scale. The former were

carried 6ut in a scale of 3I.5' x'24.5'cm iwidths and 3 cm depth of soil under

                                                                  '                                    'rapld alterations of freezing and thawing. Since i-t was feared Lhat there
                                                  '                                      '
might be an end e£fect on the experiment in such a small container and also
an effect of unevenness of soil !ayering of such thin layers (1 cm each) of

three different soils, the present experiments were carried out in a larger

container with thicker soil of very homogeneous initial packing. In this

way, it was tried to make clear the initial stage of mound formation, or the

growth and developments of perturbations on the initially flat soil surface

under repeated freezing and thawing.

     Mechanisms of formation of convoluted structures observed in developed

mounds in the,former experiments were examined from different approach; ob-

servations of deformation of the imbedded soii rnasses of different types in

the hornogeneous rnatrix soil and !nteractions occuring at the boundaries.

                          Experimental Proeedures

     The soil used for the exper±ments was a very £yost-susceptible brown
loarn (sieved with 1 mm mesh) originated from volcanic ash near Tomakomai

area, Holdgaido. It's size distribution curve is given in Fig. 1 together

with oTther kind of soils used for observations of differential effect. The

soil was put in a container of which dimensions was 67 x 42 x 15 cm, at
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first filled homogeneously with dry soil and then the water was soaked from ･

the bottom plate to the water reservoir underneath. Very thin (1 mm) layer

of black soil was inserted at a depth of 30 mm from the top, whereas the

total thiekness of the soil was about IOO mm in the first series and 70 mm

in the second. Sect±on view of the containe' r and the soil is illusbrated in

     Freezing and thawing of the soil were repeated with cooling and warming

of air temperature in a freezing cabinet which covered the soti1 container as

is shown in a photograph of plate I. Air temperature was lowered in gradual

steps by means of a regulator switch that controlled the value of refrigera-

ting coil and it was risen in the same way with a help,of electric heating

tape stretched in the cabinet. The aveyage rate of. kemperakure lowing was
20 to 50 per day. The lowest air temperature, approximately --l30C was atti-

tained in 3 days after it is lowered below OOC and it is kept during a peri-

od of 2 or 3 days. Following thiss the air temperature was risen at the .
                                                          'almost same rate as the lowering and kept at about +200C until the eomplete

thawing took place. Therefore, one cycle of the freezing and thawing took

approximatelylOdaysoralittlelonger. . .
 . Soil ternperature records through thermocouples imbedded in certain

depths in the soil enabled us to draw temperature depth pro£iles £rom whigh

we could estimate the freezing interface in the soil at any time. Frost

heaving was observed by naked eye from a window of the freezing cabinet.

One example of a diagram which shows temperature change in aire freezing
                                                                         '
line penetration and frost heaving is shown in Fig. 3. Inverse correlat±on
between the time rate of frost heaving and the time rate of freezing line

penetration, described by one of the authors (Higashi: 1958) is clear.

Modes of ice segregation at the top or in the layer near surface were pure

ice filarnents and/or ice filaments containing soil particles. Features on

the soil surface at the beginnings after one cycles during'freezing and at

the final of series II experiments are shown in 4 photographs in plate II.

     Perturbations on the soil surface was determined by measuring the

heights of the surface at 126 lattice points on a grid w±th 5 em spacings
layed on the surface as shoim in Mg. 4. The measurement was made manually

from the standard horizontal line on the top edge of the conP. aineT and the
                                                                          '
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measured values were directly insed to express the height of soil surface.

Thereforee the smaller the valuep the higher the height. These values of

the height at the lattice points made it possible to draw eontour Zines on

the map as is shown in Fig. 4. Deformations of imbedded different soil

masses and their interactions with the matrix soil were examined in cross

sections as well as the change of level of thin sheet of black soil inserted

at the depth. These cross sections were revealed by digging soil at the end

of each series of experiments.

                           Results of Experiments

     Two series of experiments were carried out ; the series I with imbedded

banks of sand and black soilp the series II with those of sand and blue clay.

The contour lines shown in Fig. 4(O) are of the surfaee just befoye the first

freezing in the series I experiments. There was a genele slope which rnade 2

mm difference between the front and rear parts of the soil surface smoothed

in level in the container. Fig. 4(l), (2), (3), (4) and (5) are the contour

maps of 2 mm intervals after lst to 5th cycle respectively. They clearly

show that the perturbations on the soil surface began to grow with the first

freezing and thawing and developed with repetitions of the proeess. It is

clear that the differential frost heaving and thawing at the sand bank and

black soil bank affected the height of perturbat±ons. Espe¢ially the sand

made more effect since it was upset partly as will be described in detail

later. A similar tendency of growing and development of perturbations was

obtained in the series II experiments as is shown in Ng. 5.

     Since the number of experiments in each series weTe not enough (5 for
 tt

series T, 3 for series II), there did not appear the habituation of hillocks

or depressions at} eertain points on the surface. There aTe, however, good

indices to indicate the degree of perturbations ; number of contour lines
                   ,anCL standard deviations of the average value of soil thickness. The former
                                                                            2
can be evaluated by counting number of contour lines in a gr±d of 5 x 5 cm
on t)he in'tLp like Fig. 4(O) and calculating mean values on whole area. This

index should express the average steepness of the perturbations on the sur--

face. The laifver is obtained from the measured values of thickness at lat--

tice points of the grid. Values only in the central part of the container
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were used for this purpose to avoid the effeot of soil masses of different

type imbedded near the both ends of the container. Histograrns of the mease-

ured values divided in every 2 mm for the series I are shown in IFig. 6. Jt

can be seen that bhe histogram which originally had sharp peak at its aver-

age became dull and flat as repetitions of the cycle proeeeded. The sbandard

deviation of the heights of the soil surface was calculated with eaeh meas--

urement after every eycle. In Fig. 7(a)e the average number of contour

lines and the seandard deviation of the heights were plotted against to the

number of cycles for the case of series I. The same for ehe series II is

Fig. 7(b). The two indices both inereased linearly with the number of

cycles but they seem to be saturated at or near the 5th cycle.

     Deformations of the different soil masses and their interaetions with

the matrix soil are shown in Fig. 8(a) and (b) as changes of the cross--

sectional shape of the tmbedded bank at various distances from the end.

Remarkable features common for any of different soils are the cross-section

spreaded in width and entrained into the matrix soil at or near the bottom

of the bank. In the case of series I experiments, the sand bank gradually
tilted and finally upset nearly 900 in the middle part of the bank as is

illustrated in Fig. 8(a). Thin sheee of black soil showed only gentle change

in level, although the freezing 1±ne penetrated deeper beyond this lavel.

One cross section of this blacksoilmark is illusbrated in Fig. 9.

                      Conelusions and Reeommendabions

     Since each cycle in one series of experiments took relakively longer

time than in the ease of smaller scale experiments earried out by one of the

author (Corte : 1967 and l969), number of ¢ycles in the present experiments

were not enough to obtain any definite conclusion on the long term processes

of moumd formatione espeeially on the habituation of growing mounds at bhe

same spots on -the soil surface. We obtained, however, some important knowl--

edges on the initial stages on the growth and development of perturbations

on the soil subjected to repetitions on the freezing and thawing.

     The standard deviations of the ground surface and the number of eontour

lines per unit area are both good indices to indicate the degree of pertur-

bations. They both increase linearly with the nurnber of cycles, up to 5th
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cycle when we start with a very smooth surface. Probably the number of

cycles at whieh such indiees reaeh the certain level should be related to

the arnount of frost heavinge rate of thawing and cons,istency of wet soil.

Xn this cases strong occurenee of £rost heaving by ice filaments on and in

'bhe soil might have aecelerated the ef£eet. If there is no action of ice
filaments or strong segregation･of ice, processes of growth and development

of peyturbations should be muLch slower as was the case of smaller scale

exper±mentso

     As was described in our previous paper on a model experiment of solifu-

luction (Higashi and Corte : 1971), selection of the dimensions and time

scale should be based on a similarity law derived from fundamental equations

governing the phenomena to be investigated. If we only take the differential

equation for heat eonduetion as the fundamental eguation and consider that

the same soil was used, a simple nondimensional equation should hold for the

ratio of both time t and depth of soil x in model and nature as followse

               ÷h -(l )2

where the suffix m and n eorrespond to the model and nature respect±vely.
If we assume that the aetual freeze-thaw cycle is 6 months (180 days) as was

done in our previous paper, 7 days cycle ±n the present experiments reduees
30-di40 cm for the freezing depth of soil in nature corresponding to 5tv7 cm

freezing depth in model. It so happened that the 3 cm depth of soil in a

small scale experiment by Corte (1967) with 1 day cycle also gives approxi-

mately 40 cm depth in nature. Therefore, there is no difference in simili-

tude between these two model experiments as far as the problem is only con-
                                                                       'cerned in heat conduction. However, since the rate of freezing in the smaller

experiment was much faster than in the present larger scqle experiments, the
                                                                             'modes of freezing should be different; probably concrete type freezing in

the ,foTmer whereas ice filaments layers in the latter. It should be noticed

that the differen¢e in modes of freezing is also due to the nature of the
soils. Anyhow, this difference should reflect to the degree of perturbations
                  'on the soil surface in eaeh cycle and give rise to the difference on the

number of cycles required to observe rernarkable development of perturbations.

     DefoTmations and interactions of different soil masses in the matrix
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soil are due to the differential frost heaving and thawing between the soils.

Since the matrix soil is the most frost susceptible among the soils usede

banks of the sand or other soils were heaved up attached ko the matrix on

both sides and as a result there appeared cavities underneath. Uneven heav-

ing and also the uneven falling of the sand or other soil masses into the

cavities during the thawing stage gave rise to tilting and/or rupture in the

masses themselves and also at the boundaries as shown in Fig. 9. These dif-

ferential movernent exaggerated the perturbations on the ground, although

otherwise they were deve]oping with cycles. Therefore, it can be concluded

that the insertion of different soil masses cause the exaggerated perturba-

tions of ground surface when the soils are subjected Tepeated freezing and

                      'thawing.

     Degree of perturbations seems to damp veTy rapidly with the depth in a

homogeneous soilp because the horizontal line in 30 mm depth marked by a thin

layer of blaek soil was･not rnuch disturbed as shown iB Fig. 9. TheTe still

remainse however, a danger that this is a hasty conclusion in'view of rela-

tively small number of cycles performed.

     9uantitattve treatments on the groim and developed perturbations on the
                                /1
soil surface were made possible by the use of sueh quantities as the contour

line dens2ty or standard deviations of the heights. It should be, howevers

meneioned that such quantities depend on the areal density of measurernentss

in other words, the size o£ grid covered on the surface in this case. Per-
turbations smaller in area than 5 cm square could not be detected by the

measurements used and we should adnit that the actual perturbations observed

had moTe minute struetures than those shown in contour rnaps of Fig$. 4 and 5e

     It should be recommended for further experiments to measure the topogra--

phie profile all over the surfaee either by a stereoscop±e cartographic

instrument or by some kind of scanning device with which measurements can be

recorded in data recorders. By tlte use of these instruments, it will be

possible to obtain more accurate data on the surface topography and also some

index quantities for describing the degree of perturbations in any level of

accuracy.
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