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FORE WORD

A majority of the English—speaking readers of this book realize that
information about perennially frozen ground has been accumulating in
the U.S.S.R. for over a century and that half the territory of the
U.S.S.R. is underlain by permafrost. Teaching permafrost is a long
trad ition in the geology , geography , and engineering departments of
several Soviet universities. For these reasons Russian scientists and
engineers enjoy a leading position in a field they call , roughly trans-
la ted , the science of permafrostology (rnernlotovedenie).

In the early stages of develoment of the permafrost regions the builder
and the exploring scientist could not coordinate their interests in a
way that would allow them to help each other. A series of spectacular
structural failures are on record in the engineering literature , and
the scientific literature includes a large amount of observational and
descriptive opuses of documentary value . The practical engineer and
the scientist reached a mutual understanding at a relatively early time ,
bu t not without the all too familiar controversy between basic , app lied ,
“fundamental” and theoretical research.

At present , academic studies of snow, ice and frozen ground in the U.S.S.R.
are not in conflict with engineering research. Based on first principles ,
basic research provides applied researchers with the fundamentair needed
to improve design and avoid costly failures. The results of basic re-
search , documented in appropr iate publ ications , currently constitute a
foundation for engineering research which finally leads to design prac-
tice documentation .

Such a system, in a country one half of which is underlain by permafrost ,
needs a source for prepara tion and replacement of its scientific manpower
In this field. Leading in permafrost and glaciology teaching Is the
Geology Faculty of Moscow State University. For more than 20 years a
teaching chair in Permafrostology has given an advanced course in what
is called “Procedures of Frost Investiga tion ”; this book is the result .
Its title means , besides frost penetration forecasting, the prediction
of changes in frost conditions and state under all influences including
man.

The names of Kudriavtsev , Garagulia , Kondratieva and Melamed are very
well known to CRREL readers. For years these authors have produced papers
on the fundamental aspects of freezing and the properties of frozen
ground and permafrost.

The new book under Kuriavtsev ’s editorship is a textbook of a very
advanced type , suitable for advanced students and professionals in cold
regions geology , civil engineering, mining, etc. Based on first principles
and invariably rigorous in approach , It “puts meat on the bones” of many
subjects pursued up to the present in a less rigorous manner. Besides

iv
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geolog ists and engineers , such spec ia l i s t s  as geograp hers  and geo—
morpholog ist s  w i l l  b e n e f i t  by a p p l y i n g  the f u n d a m e n t a l s  de r ived  in the
book . I t  w i l l  also hel p to e l imina te  many r e p e t i t i o u s  “desc r ipto log ie s ”
by s u g g e s t i o n  of some novel , r i go rous  approaches  not p r e v i o u s ly  a t t e m p t e d .

Examining the t r a n s l a t i o n  ( p e r f o r m e d  b y the U . S .  Joint  P u b l i c a t i o n s
Research  S e r v i c e ) ,  the reader  should  keep in mind t hat  i t  i s  a rough ,
uned i t ed  ve r s ion .  The t r a n s l a t o r  has preserved  al l  the i d i o sy n c r a s i e s
of Russ ian  w r i t i n g ,  t hus  c r e a t i n g  a series of a m b i g u i t i e s  not r ead i ly
de tec tab le  by a m o n o l i n g u i s t i c  r e a d e r .  Since the c i rc le  of i n t e re s t e d
readers  may be r a the r  l imi t ed , p u b l i c a t i o n  of an edited version of the
book is not j u s t i f i a b l e  at the present  stage (and st a t e )  of p e r m a f r o s t
s tudy  in t h i s  c o u n t r y .  The book , in i ts present  uned i t ed  fo rm , w i l l
serve the purpose of familiarizing the reader with Kudriavtsev ’s way
of thinking.

The reader will find that the translated manuscri pt is sometimes very
rough on the English language. Phrases containing “of” proliferations
su ch as “. . . studies of strength of frozen and of thawing soils ” will be
found systematically . This is the translator ’s way of avoidi ng loss of
meaning, and is inev itable in first , uned ited , vers ions . The same can
be said for pluralizations and shifts in emphasis. Knowledge of the gen-
eral subject and careful reading will help to eliminate the difficulties
wi th language .

Among the difficulties in translation are expressions with which we
have had some difficulty in the past. One of them is the Russian term
“gornaia poroda,” which by their definition constitutes any natural solid
that occ urs below the air— or water—layer , exc luding soil in the agri-
cultural sense and, perhaps , organic deposits such as peat or lake bottom
ooze. Customarily, It is translated as “rock:’ which may be correc t
only in the case of li thic outcrops. In general , the transla tion of
such terms as “soi l ,” “rock,” “stratum” and “deposit ” produces amb iguities
resolvable only by considering the term in context. As is well known
to most of us , the Russians use two terms for our “permafrost”: “vechna ia
meralota ,” meaning “eternally frozen ground ,” and “mhogolethemerzlyi
grunt ,” meanir~ “ground frozen for many years” (we may use “perennially
frozen”), which is actually a hair—splitting procedure. Unfortunately
the re is also a monstrous ambiguity, “merzlota”; we trantlate it as “perma-
frost ,” which is in most cases correct.

The translation also reflects some personal inclinations of the trans—
la tor which would normally be eliminated through editing. For example ,
there Is the term “permafrozen ,” which does not exist , and “dispersed
soils” or “dispersed rocks” for “unconsolidated deposits.” The transla-
tor speaks of “cycled heat,” meaning  “heat exchange .” More serious is
the ambiguous use of “seasonally thawed” and “seasonally frozen.” While
less harmful Is the not—so—customary use of “equa tion ,” “expression” and
“formula. ” The use of “volatilizing ” of moisture is unfortunate. The
English reader should also come to terms with “positive” and “negative”
tempera tures — which of course are in terms of the Celsius 

scale.v



Al though a textbook , the opus will be useful to the professional reader ,
and we may end with the observation that by examining the book it might
be found that some of our current or planned research has already been
completed.

GEORGE K. SWINZOW
USA CRREL
March 1977
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[Tex t] Annotation

The textbook ‘Pundamentals of Frost Forecasting in Geologica l Engineer ing
Investigations” in regions of seasonally and permanently frozen rocks is the
first and still the only contemporary textbook in the Soviet and foreign l it-
erature which embraces the ma in questions of frost forecast ing. in it the
methodologica l, mathematica l and thermodynamic princ ip les of frost forecasting
are examined and methods and calculations procedures are given for determining
the influence of various factors and the productive act ivity of man on frost
and geologica l eng ineering conditions. The procedure of compilation of a
frost forecast is illustrated by a large number of examples of calcu lations
based on concrete material.

The textbook Is intended for the study and teaching of the procedure of frost
investigat ions and the procedure of compilation of a frost forecast. At the
same time, the problems and questions illuminated in it are of great interest
to geologists, hydrogeologists, engineer ing geolog ists, builders , road-build-
ers, mining engineers , hydraulic engineers and other spec ialists part ic ipa ting
in the study, explorat ion , planning, construction and other product ive organi-
zation of the territory of permafrozen rocks.
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Pref ace

In the are a of the propagation of seasonall y and permanent ly frozen rocks
the geologica l engineer ing conditions depend substantiall y on the charact er
of the permafrost situation because of the sharp change of properties of the
rocks both during transition from the frozen into the thawed state and from
the thawed into the frozen , and also during change of the t~ nperatu re of the
rocks within the limits of negative or positive values (near zero). The con-
ditions of the bedding and spread of permuafrozen rock masses , the properties of
frozen rocks, the character of the cryogenic textures , the conditions of the
new formation of fros t, and also the development of various cryogeni c processes
and effects are determined essentially by heat exchange on the earth’s surface.
The la tter forms in definite geological and geographic conditions , and in con-
nection with that also changes together with change of the natural situation
under the influence of the productive organization of the territory. The
directivity and character of that change can be taken into consideration by
establishing quantitative connections between the components of the natural
environment and its change under the influence of man, on the one hand , and
the characteristics of the seasonally and permanently frozen rock masses , on
the other. The established regularities serve as the basis for the compi la-
tion of a frost forecast , the purpose of which is the scientific prediction
of the character of the change of frost conditions which sets in in the pro-
cess of organization of a territory.

The present work is the first textbook of the course “Proced ure of Fros t In-
vestigations .” It was compiled on the basis of a seri es of lectures and ex-
perience in conducting practical classes in a course presented in the Depart-
ment of Geocryology of the Faculty of Geology of Moscow State University
over a period of 20 years. At the same time the latest theoretical developments
in frost studies were used in writing the textbook . The textbook is so con-
st ructed that in it are given the theoretical principles of forecasting change
of fros t conditions and measures of the practical application of various ways
to solve concrete problems , composed on the basis of field and laboratory in-
ves tigations of various regions of permafrozen rocks.

The princi pal methodological aspects of fros t foreca st ing are examined in
Chapter 1. By fros t forecasting is understood the scientific prediction of
the direction of developmen t and degree of change of fros t conditions whi ch
will occur in the future either in connection with the natural historical
course of developmen t of nature or in connection wi th the economic opening up
of the territory.
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In the chapter it is shown that the regularities of the formation and de-
velopment of seasonally and permanent ly frozen rock masses are concrete
expressions of the genera l laws of development of matter for geological forms
of its movement. The concepts of general and concrete forecasts are formu-
lated , cor responding to the tasks of sma ll-scale and specialized large— scale
fro st surveys . It also is shown that onl y investigations which make it pos-
sible to reveal the particular , general and region al regularities of the for-
mation of frost conditions are the basis of forecasting , and the content of
those concepts is revealed.

Examined in Chapter 2 is the connection of geologica l, geographic and thermo-
physical conditions of the formation and existence of permafro zen rocks. It
is shown that that connection is accomp lished in the process of conductive
and convective heat transfer in the rock masses . gxamined is the role of the
structure of the radiative heat balance of the earth’s surface for a half -year
in the formation of heat cycles in soils. In connection wi th such a
formulation of the question, fairly great attention is given to the factors
forming the structure of the radiation heat balance. Stated in a brief and
accessible form is the procedure for determination of separate components of
the radiation heat balance of the surface, wh i ch is of great importance in
the compilation of a forecast of changes of fros t conditions .

In Chapter 3 whi ch follows the theoretical principles of calculation of heat
and mass transfer processes occurring in freezing, thawing and f rozen rocks
are stated rather completely and on a high mathematical level. It is essential
that, side by side with the solution of the problem of freezing in a conduc-
tive formulation, which at present is used very widely in frost studies, ex-
amined in this chapter are methods recently obtained for solving considerably
more complex problema of heat and mass transfer in freezing and thawing rocks.
In connection with that, considerable attention is given to the problem of
the freezing of rocks with consideration of moisture migration. Phase trans-
formations are considered in the spectrum of negative temperatures in accor-
dance with the curve of freezing water. Of great importance are the solutions
of V. G. Melanied of a self—modeling problem wi th consideration of radiation,

• which make it possible to effectively investigate the regularities of comp lex
processes of heat and moisture transfer during freezing. Those sections are
published for the first time in a logically completed form, and this is of
great independent scientific and practical importance. Also given in the
chapter is a solution of the problem of the thawing of rocks with consideration

• of the infiltration of atmospheric precipitations, which is of great impor-
tance in studying coarsely dispersed rocks.

The mathematical principles of frost studies in general and fros t forecasting
in particular , presented in Chapter 3, are very complex and require the ap-
plication of high—speed computer technology for thei r solution. Therefore,
approximate formulas for the calculation of the basic characteristics of
seasonally and permanently frozen rocks, based on the precise solutions pre-
sented in Chapter 3 , are examined in Q~apter 4. The approximate formulas and
nomograam constructed on the basis of them make it po.sible to link the ther mo-
physical aspect of frost conditions wi th the geological and geographic and by

11



_ _  —~ - —•

the same token determine the particular and general regularities of the for-
mation and development of seasonal and permanent freezing of rocks. At the
same time those formulas can be used as rapid field methods for calculations
during a frost survey.

Examined in Chapter 4 are approximate formulas for determination of heat
cycles and depths of seasonal and permanent freezing of rocks. Shown on
concrete examples for vari ous regi ons of the propagation of permafrozen rock
masses is a procedure for calculating the depth of seasona l freezing and
seasonal thawing of rocks (in the case of equality and inequality of the
therma l conductivities of rocks in the thawed and frozen states), the depths
of potential seasona l freezing and seasona l thawing of rocks and the value
of the annual heat cyeies in the layer of seasonal and the layer of
annual temperature fluctuations. Such a complex application of calculating
formulas for the forecasting of the main characteristics of seasonally and
permanently frozen rocks and the study of their dynamics has been made for
the first time in this work.

Examined in Chapter 5 is the influence of various natural factors on the for-
mation of the temperature regime and the depth of the seasonal freezing and
seasonal thawing of rocks. Presented in the chapter are approximate formulas
for determination of the thermal influence on the temperature regime of soils
in the layer of their seasonal fluctuations of such factors as snow, vegeta-
tion , the water cover , swampiness , the exposure and steepness of slopes , the
infil tration of atmospheric precipitations and the composition and moisture
of the soils. Calculation of the influenc e of the listed factors is examined
on concrete examples .

Chapter 6 is devoted to forecasting the change of the temçerature regime and
thickness of the per mafrozen rock masses , questions of the formation of cry-
ogenic textures and forecasting the change of properties of frozen soi ls .
Since the distinctive features of forecasting changes of various parameters
of frozen rock masses involve to a considerable degree the type of the frozen
rock mass, its genesis and the characteristics intrinsic to it , questions of
the classification of seasonally and permanently frozen rock masses are exa-
mi ned in the chapter.

Examined in the same chapter is the for ecasting of change of thickness of
permaf rozen rock masses, the forecastin g of the thawing of those masses and
the forecasting of their new formation. Much attention is given to questions
of thermal subsidence of frozen rock masses (subs idence during thawing) and
change of the thermophysical and physicomechanical properties of the soils in
the thawed and frozen states . An approach to the solution of various problems
connected with the need to forecas t therma l subsidence is shown on concrete ex-
amples . Also presented are examples of for ecasting the change of properti es of
soils in connection with change of their temperature and moisture regimes and
other factors . Methods are presented whi ch make it possible to forecast the
formation of cryogeni c textures in deposits under different conditions of their
freezing. Given in the chapter is a method of calculating the maximal tern-

• perature s of frozen soils at the moment of complete Jointing of the freezing

12



— ~— -

layer of seasonal thawing with the roofs of permafrozen rock masses, needed
for calculation of the forces of freezing together in the period in whi ch
the most unfavorable conditions exist for the work of foundations in connec-
tion with heaving .

The study of t~~l ik s  tn a region of permafros t is of enormous importance in
the study of the interaction of masses of frozen rocks and subsurface waters
and the solution of tasks of engineering geology. Therefore Chapter 7 is
devoted to an examination of the regularities of the formation of taliks in
connection with frost characteris tics in different geological and geographic
conditions . Given in the chapter is a genetic classification of taliks by
causes and conditions of existence. Analysis of the reasons for the formation
and conditions of existence of taliks in different latitudinal and geological
conditions makes it possible to determine the possibility of their origination
during the productive organization of territori es. In that chapter it is shown
that the compilation of a concrete forecast of the origination and development
of t a l iks  is based on methods of quantitative estimation of the influence of
different natural factors on the temperature regime of the rocks.

Examined in Chapter 8 are the princip al regularities of the formation of cry-
ogenic (frost-geological) processes and phenomena, and also a formu lation and
solution of the tasks in forecasting thei r development . The dependence of the
spread and character of manifestation of vari ous cryogeni c processes on the
geologica l conditions of heat transfer on the surface of rocks is investigated .
Dis tinctive features of the spread of processes and phenomena in different
frost and temperature zones and geostructural regi ons are examined in connection
wi th that and examples of calculations are presented.

Chapt er 9 p~ devoted to the solution of various problems in forecasting withelectro nic and analog computers . Presented in the first part of the chapter
are the results of solution of problems both in a self-modeling and in a gen-
eral formulation , devoted to the quantitative investigation of general and
particular regularities of the processes of heat and mass transfer in freezing
and thawing soils. Numerical integration of the indicated problems is done on
the basis of the algori thms developed in Chapter 3. In particular , one shou ld
note here the finding of the course of heat fluxes in time and the amounts of
heat cyc’es in different sections of the ground as a function of the mean
ampli tude of the temperature fluctuations on the surface , the moisture of the
rocks , etc. In addition , presented here are the results of solution of a num-
ber of problems relating to freezing wi th moisture migration which make it pos-
sible to quanti tativel y establish the interconnection between the cryogenic
structure and heaving, on the one hand , and the conditions of freezing (in
particular , in connection with warming and cooling during winter), on the other .
That group of problems is solved wi th an electronic computer.

Examined at the conclusion of the chapter are complex multidimensional problems
arising in the solution of questions of frost forecasting in connection with
construction in the region of dist ribution of seasonall y and permanently frozen
rocks. c~~e shoul d note here the solution of problems relating to the dynamics
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of the temperature field in the bod y and base of an earthen dam , to haloes
of thawing around burled pipelines , to the basin of defrosting under struc-
tures , etc. Most of those problems were solved with an analog computer (the
LGL hydraulic integrator and the EL-12 electrical integrator).

The textbook ends with Chapter 10, devo ted to the main aspects of frost sur-
veying and mapping for purposes of frost forecasting. In that chapter It is
shown that the forecasting of frost conditions In the process of productive
activity is possible onl y on the basis of study of the regiona l and zonal
regularities of the formation and development of seasonall y and permanently
frozen rock masses through determi nation of the quantitative influence of all
the main factors of the natura l environment on the characteristics of the
seasonally and permanentl y frozen rock masses . The qualitative and quanti-
tative establishment of such bilateral dependences , giving all the calculat-
ing parameters, is possibly only while making a frost survey, in the process
of whi ch those calculations also are made.

c~ the whole it should be noted that such a text book has been created forthe first time not only in our country but also abroad . It was written with
consideration of the latest achievements in frost studies and in essence is
a generalizing work in the area of the making of a frost forecast. An orig-
inal methodical form of presentation of the material , supported by examples
of calculations , was found and used in wilting the textbook . At the same
time it must be noted that since such a textbook has been written for the
first time it probably has some shortcomings which will be eliminated in a
later edition. We ask that you send your coninents and requests relating to
the questions examined in it tol Moscow V-234, Leninsk iye gori , MGIJ, Fac ulty
of Geology, Department of Geocryology,

Chap ters 1, 2, 6, 5, 6, 7, 8 and 10 were written by V. A. Kudryavtsev , L. S.
Gara gulya and K. A. Kondrat’yeva. The examples in those chapters were com-
piled by L. S. Garagul ya under the supervision of V. A. Kudryavtsev. Chap-
ters 3 and 9 were written by V. C. Melamed. Participating in the writing of
the textbook , besides the main authors , were Ye. I. Nesmelov (sections 2 and
3, Cha pter 2), Ye. P. Shusherin (section 8, Chapter 6) and A. A. Ananyan and
N. N. smi rnov (section 7, Chapter 6). In the preparatio n of the manuscript
for the press much help was rendered by V. P. Volkov , N. I. Chizhov , M. I.
Syritsyn and C. I. Kry lov , to wh om the authors express their appreciation .

The textbook is intended for students and specialists -- frost specialists ,geologica l eng ineers, hydro geolo gis ts, cryolitholo gists and students and spe-
cialis ts of alli ed directions -- surveyors , planners and builders , The book
will be useful to many other specialists working in the area of the distribu-
tion of seasonally and permanentl y frozen rocks.
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Chapter 1. Principal Aspects of Frost Forecasting

By frost forecasting is understood the scientific prediction of the develop-
ment and change of frost conditions which will occur In the future either in
connection with the natural historica l course of development of nature or in
connectIon with construction and the economic organization of territory. The
task of compiling a forecast assumes knowledge in advance of the natura l his-
torica l conditions of the studied region and especially of all parameters of
the natura l environment which determine the frost situation. Therefore the
forecast of change of frost conditions in geoiogical engineer ing investiga-
tions must be comp iled only on the basis of study of genera l and part icular
regularities in the formation and development of frozen rock masses and the
processes and effects accompanying them. Consequently the preliminary study
of those particular and genera l regularities is an obligatory initia l moment
in the comp ilation of the forecast.

By particular regu larities is understood the establishment of a regular de-
pendence betw.~en separate components of the natura l environment (including
the anthropogenic factor) such as the charac~er of the radiation-hea t balance,
the relief (steepness and exposure), covers (snow, vegetative, water and ar-
tificial), the composition, complexity and moisture of the ground, etc, and
the character of the ffost conditions -- the spread , bedding and thickness of
the perinafr~~en rock masses, the formation of the temperature regime and the
depths of the seasona l thawing (freezing), cryogen ic textures and iciness , and
cryogen ic processes and formations. In that case one has in mind thL estab-
lishment not only of a qualitative but mainly of a fquantita tive/ connection.

By genera l regularities Is dnderstood the interconnection of the components
of the natura l environment, including also the product ion activity of man,
with the genera l complex of frost conditions. In them particular regularit ies
are manifested in interconnection and interaction.

Genera l and particular regularit ies are manifested both in separate landscape
types and within the limits of regions. Depending on the scale of the survey,
local and regiona l regularities in the formation of frost conditions should
be distinguished. Thus the genera l regularities in the format ion of frost
conditions can be examined on both the reg iona l and the loca l levels. The
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same should be said a iso in r e la t i o n  to particular regu m r  it ies  • Thus , for
ex~mp lo , one can examine the influence of the snow cover both on sepa r a te
areas and landscape types and with in the l imit s of the entire region of season-
a l l y and permanently frozen rocks. In that case the method of stud ying par-
ticular and genera l regularities must be based on the assumption that those
regularities in the formation and development of p ermaf rozen  rock masses arc
a concrete expression of genera l laws of the development of matter for geo-
log ica l forms of its movement . Therefore the princ ipal laws of the develop-
ment of matter , considered from positions of the Lenin is t  theory f c o g n i t ion ,
must be the basis of study of the regularities of the formation of p er rna f rozen
rock masses for the c omp i l a t i o n  of a forecas t.

It is a matter primarily of a law reflectIng the genera l connection of pheno-
mena and processes in nature , in accordance with whic’-

~ the frost conditions
must be considered in a close interconnection with the entire cnmp lex of the
na tura l si tuat i on , and above all with the geolog ica l genetic types of rocks.
From the cort~espondence to def inite natural comp lexes of concrete frost con-
di tions flows a conclusion of the possibility and necess ity of app l icat i on of
a landscape indication method. Its methodologica l basis consists in the fact
that the investigated region is subdivided into a number of sections (micro-
regions and landscape types) character ized by def inite geologica l conditions
and other elements of a complex of the natura l environment, Within the limits
of each microregion concrete forms and regularities in the formation and de-
velopment of seasonally and permanently frozen rock masses are studied. In
that case one should have in mind a second genera l law of the development of
matter -- the law of continuity of motion -- of development . Perinafrozen
rock masses are characterized by a relatively large dynamics of all the ma in
parameters in time. Therefore frost Investigations must be completed with a
forecast of the change of frost conditions compiled on the basis of compre-
hensive study of the dynamics of permafrozen rock masses.

The universa l connection of phenomena and the universa l continuous development
of processes and phenomena leads to a need to study the causa l connection of
of permafrozen rock masses with different elements of the geologica l and geo-
graph ic environment.  This determines the need to study particular regulari-
t ies of the fiorma t ion of frozen rock masses on key sections fo r  each landscape
complex which make it possible to extend those regularities to all sections
similar in natura l conditions , The obtained particular regularities serve
as the basis for the establishment of genera l regularities in the formation
of frost conditions of the ent ire studied territory and also for the compila-
t ion of a forecast of the change of froSt conditions in connection with con-
struction and the productive organizat ion of the terr itory.

An extreme ly important aspect in the compilation of the forecast is determina-
tion of the conditions of the transition of rocks from the frozen into the
thawed state and the reverse, that is, their qua l itative change. That tran-
sition is a concrete expression of a law of the development of matter --
transition from quant ity to quality. The different state of rocks is connected
qualitatively with the appearance or disappearance of the rock-forming minera l,
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ice , In the  rocks.  The amount  of ice and the character of its distribution
in the rock, which determine the cryogenic texture , cause change of the corn-
position and properties of the frozen rock rn sses, distinctive features of
the course of various processes , the formation of phen omen a and by the same
token engineering geolog ical characterist ics of the invest igated territory.
Thertfor~ it is necessary to thorough ly  s tud y the distinctive features of the
f o r m a t i o n  of cryogenic textures for each litholog ica l genetic comp lex of rocks
as a function of all factors of the geologica l and geographic envirorenent.
Thus , in the compilation of the forecast the rocks themselves are the decisive
factor. Without their eva luation it Is impossible to comp i’e a forecast of
the change of the temperature reg ime of the rocks and all the other charac-
terist ics of frozen rock masses. This should be regarded as an expression of
the basic position of Marxist-Leninist philosophy of the /pr imacy of mattcr/.
Permafrozen rock masses must be the ma in object of investigation in the com-
p ilation of a forecast of the change of frost conditions .

In studying perinafrozen rocks, several approaches are possible in princ iple.
I t  is poss ib le  to  examine concrete f r o s t  cond i t i ons  w i t h i n  the l i m i t s  of the
spread of a g iven landscape type as a simple correspondence of them without
studying the cause and mutua l conditionality. It is obvious tha t such an
approach is methodically incorrect, In tha t case the possibility of forecast-
ing changes of frost conditions is excluded.

Also erroneou~ is the approach in which only bilatera l connections are s tud i ed
(frozen rocks and climate , frozen rocks and geobotan ica l conditions , etc) with-
out considering them in an interaction with the ent ire complex of natural con-
di tions. A scientific forecast can be given only if i n v e s t i g a t i o n s  have been
conducted frmn positions of the Len inist theory of cognition , which assumes
/unity of ana lysis and synthesis!. From those posit ions the process of a frost
survey includ es the following steps of co~nltion : subd ivis ion of the territory
in to  landscape types wi th  the separa t ion of l i t h olo g i c a l - g er ie t i c  complexes of
rocks , study of the characteristics of the natural conditions within the limits
of the distinguished types, the scu~~’ and analysis of part icular regularities
in the formation of frozen rocks as a function of each element of the natura l
complex, especially on the composition, structure and position of rocks, and
their genera lization -- synthesis as an expression of their Interconnection
and interaction In the form of genera l r e gu l a r i t i e s  in the f o r m a t i o n  of perma-
frozen rock masses over a territory as a function of the joint action of all
components of the complex. The last stage in the cognition of the studied
object is checking the correctness of the established regularities through
practica l investigations. This implements in practice the basic position of
the Marxist-Leninist theory of cognition , which says : pract ice is the cr i-
terion of truth.

As a result of construction and the productive organization of territory,
substantia l changes of geologica l and geographic condi t ions  are occurring which
involve changes of the frost situation and all the more so of geologica l engin-
eer thg conditions. The character of that connection is expressed in narticu-
lar and genera l regularities of the formation and development of seasonally
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and ~ ermane!i t 1~ fr ’~~ n r~ cks and is s t u d i e d  in the  process of a frost surv&-y .

I h e  i n d i cat e d  r e gu lar h  ics ar  determined , on the one hand , by the thermody-
namic and thermophy :- ica I laws and , or~ the other , by the geologica l character-

i s t i c s  of th  s t u d i e d  reg ion. Therefore it would be wrong to consider the
forecast of change of frost conditions to be a result only of ther1rJ:~hysiC3 l

rocesses which  can be de termined by t h e r m a l  e~ig ineer ing ca lcu la t  ions ,  Then ,
f o r  exa mr l e, the wa rming influence of the snow cover cannot be regarded as a
r e s u l t  of the influence of the  t h e r m a l l y  i n s u l a t i n g  layer ( snow)  w i t h  c e r t ain
char cteristics of thermal resistance. The influence of the snow will actually
l)e determined to a considerable degree by the annual heat cycles in the soil.
fl n two sec t ions  with different annual heat cycles in the soil but with ident i-
ca l  thickness and density the influence of the snow will be different . The
greater the amount of the heat cycles the more si gnifican tly will the warming
Influence of a snow cover similar in thickness and density be expressed. If
it is taken into account that the hea t cyc les  in the so i l  depend on the  com-
p o s i t i o n , structure and mode of occurrence of the rocks , tha t Is, on the geo-
logica l conditions of their formation and the existence of frost , and also ~n
the moisture reg ime of the soil and the character of the radiation heat balance
of the  surface , then all the complexity of the q u e s t i o n  under  c o n s i d e r a t i o n  and
the impossibility of regarding the warming influence of snow as a therma l en-
gineering effect become obvious.

Similar examples can also be presented with respect to the inf luence of other
ge log ica l and geograj hica l factors on the formation of the temperature reg ime
and the dep ths of f r e e z i n g  and thawing of rocks ~~~).

As aspec t of great importance, as will be shown in the following chapters , is
the fact that the hea t cycles in the so i l  depend on the t h i ckness  of the  layer
of seasona l freez ing and thawing and on the average annua l temperatures of the
rocks. Therefore the influence of one and the same factors (snow , vegetation ,
etc) will have a different effect on the formation of the temperature reg ime
of the rocks and the depths in the case of seasona l freezing and in the case
of seasona l thawing  of rocks. Therefore  in examining  the thermodynamic and
therinophys ica l r e gu l a r i t i e s  and in c omp i l i n g  c a l c u l a t i n g  procedures it is ab-
solutely necessary to take into account the geolog ica l and geograph ic aspects
of the phenomena , so that similar parameters in the ca lculating procedures can
be measured directly in the field and linked with distinctive features of the
natura l situation .

The basis of the formation of the temperature regime t-f the rocks , reflecting
the character of the heat transfer in the soil and atmosphere , is the radiat ion
heat balance of the surface of the soils. The frost conditions are determined
to a considerable degree by the course of the change of the radiation heat
balanc e by seasons of the year. Therefore in compiling a forecast of changes
of frost conditions one cannot l imit oneself to average data of the radiat ion
heat ba lance of the surface  dur ing the yea r . Only when the latter is consid-
ered for a h a l f - y e a r  or a shc~~ter t ime interva l can the connection of the hea t
cycles in the soil and the rema ining components of the r a d i a t i o n  heat ba lance
be revealed. Such an approach makes it possible to estimate the role and
importance of the radiation heat balance of the surface in the formation
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of frost conditions as a function of such factors as the  subsur face  wate rs ,
the  i n f i l t ra t i o n  of v o l a t i l e  sediments , etc. Without taking those distinc-
t ive features Into consideration It is impossible to form a correct idea of
the change of frost condit ions in connection with construct ion and the pro-
duct ive organization of a territory .

In accordance with the above, the following genera l scheme of procedure for
frost forecasting is presented. In the beginning a frost survey is made in
the investigated region , as a resul t of which the geolog ica l and gen et ic
types of frozen rocks and distinctive features of the formation of cryogenic
textures within their limits are studied , and also particular and genera l
regularities of the formation of seasonally and permanently frozen rocks and
the frost processes occurring in them. In that case it is necessary to es-
tablish not only the qualita tive connections of the frost characteristics
wi th the geographic and geologica l factors of the natura l environment but
also their quantitative expression on the basis of calculating schemes which
take into consideration both the thermophys ical and geologica l aspects of
the phenomenon in a concrete situation. In addition , taking into account
the character of the change of the geGlogica l and geographic conditions as
a resu lt of proposed or planned construction and economic opening up of the
territory, the changes of frost conditions are ca lculated both for the ent ire
studied territory and for separate sections and structures. The concluding
stage of a frost forecast must be the ‘working out of methods of control or
purposeful change of the frost and engineering geologica l conditions to ansure
optimal working of the equipment in the planned conditions.

The calculating forecasting schemes must include : a) calculations of the
radiation heat balance of the surface with consideration of the inf luence
of the geographic and geologica l factors; b) calculations of the conductive
and convective heat transfer in the soil ; c) calcu lations of the freezing of
di spersed systeiss with a front and with a zone of freez ing.

A theore’- jca l substantiation of the calculating schemes is given in chapters
3 and 4. Analyt ica l methods of calculation and methods of simulating frost
processes are indicated in Chapter 3, and analog and electronic computer
methods of calcu lating frost problems in Chapter 9. On that basis rap id
field methods have been deve loped for the calculation of forecast frost char-
acteristics by means of approximate formulas and nomograms (Chapters 4, 5,
6 , 7 and 8).

In making a frost forecast It is necessary to distinguish:

a )  the  f or eca s t  of change of frost conditions connected with the natural
course of the dynamics of permafrost in accordance with the natura l course
of change of the geological and geographic environment;

b) the forecast of change of frost conditions in connection with the concrete
productive activity of man within the limits of separate sections and
with the construction of specific structures ;

c) the forecast of change of frost conditions on wide areas in connect ion
with the sualnary effect of a complex of structures and the productive
organization of large territories.
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V

In tha t case it is necessary to  t ake  i n to  cons ih e r d t  ion d i , t  i nct  iv~ f e at u r e s
‘f  f r - t  forecast ing in d i f f e r e n t  -~t ages  of the inves t  iga t lou , In a s m a l l -

sca l s u r vey  ( 1:500 ,000 - 1:200 ,000 , the stage of technica l and ~c noruic Sh-

stant iati ii ) a forecast f C I I ~ I I 1 g C  of frost conditions i:- gives in very g ra-ra 1
f rm . h ere one should ab ve a l l  bear in mind the  change ~ frost condit ions
in  connect ion w i t h  change of the inf luence of var ious f ac t  rs f the natur~ 1
e n vir tum~nt , which can e i t h e r  be connected w i t h  t h e i r  na tura l change in t irne
sr be g iven  p r o v i s i o n a l l y  fo r  the  ro l osed p r o m i s i n g  sect i r u s  f the L e r r i t r y .
I h i s  i nc ludes  the i n f l u e n c e  of the snow and v e g et at  ion cover s , the  C m ~ as it ion
and  m o i s t u r e  of the rocks , the ste pii ~ ss and eX~ su re  of s b ’ . es , the i n fi l t r a -
t i o n  of summ€ ~r atmospheric preci~ itations , surface and subsurface waters ,
swampiness , etc. ihe  i n f l u e n c e  of those f a c t o r s  must  be examined f r o m  p o s i_
t j o f l5  of the  f o r m a t i o n  of the  r a d i a t  ive h a t  ba lance  f t h e  s u r f a c e  and the
a v e rag e  annua l t empera tures of the  rocks  in the layer  of t h e i r  a n n u a l  f l u c t u -
a t  ions .

In med ium-sca le  and l a rge - sca le  surveys (l :l 00 ,00 and larger , the s tage  of
the  technica l p l a n  and  w o r k i n g  d r a w i n g s ) a -;p ecific forecast is comp i led  of
the change of f r o st  c o n d i t i o n s  for  se~ a rat e  sec t ions  and c o n s t r u c t i o n  s i t es
‘s a f u n c t i o n  of d i s t i n c t i v e  f e a t u r e s  of the  p l a n n e d  s t ructures  and the de-
s igna ted  productive organization of a territory. The basis of that forecast
Is the g ticra I foreca st , discussed above , the data of wh ich are  de termined
more precisely f o r  the s~ cc if  ic c o n d i t i o n s . In a d d i t i o n , a r t i f i c i a l trans-
f or n u t i c n - 5  of the na tura l s i t u a t i o n  are  taken in to  account , such as the leve l-
ing of t i e  t er r a in , the c u t t i n g  of f  and f i l l i n g  in of so i l , the cons t ruc t ion
of e a r t h e n  s t ruc tu res, the d r a i n i n g  and i r r i g a t ion  of so i l s , t ree  p l a n t i n g
and tree felling , the p lanting of lawns, the construction of artific ia l cow-
irs , etc. The influence of all these transformations is taken into consid-
i - r a t  ion in a fo recas t  through change of the r a d i a t i v e  hea t ba lance  of the
surface and the formation of average annua l temperatures of the rocks.

In comp i l i n g  a fo recas t  nuch attention must be given to processes ‘f t hawing
of ernia frost rock ma ~~ s and the forma t lou of them aga in as a resu it of con-
struction. F recasted in tha t connection Ire both the changes of depths of
t h e  layer  ~ and changes  of the  comp os i t ion  and s t ruc ture  of the  t h a w i n g ,
f r c - e i ~ing and f r o z e n  so i l s  and  t he i r  pr op e r t i e s  in accordance with the genera l
fo recas t  of change of f r o s t  c o n d i t i o n s .  In a d d i t i on , the frost forecast also
includes a fo recas t  of the  change of properties of the frozen rocks in con-
neCti (;I with the change of the i r  temperature regime . The f r e c a5 t t ng  of the
development  of c ryogenic  processes and phenomena a l s o  is important .  On the
basi s of everything said above a fina l frost forecast is compiled for the in-
vesti gated region. The concluding moment in its comp i lation during medium-
and l a rge - sca le  surveys Is the development of methods of c o n t r o l l i n g  the  frost
process in order to achieve opt ima l conditions for the work of the structures,
That development involves definite concrete reconinendations regarding the
productive organization of the territory and the selection ~1i a princ iple of
construction and structura l characteristics of the bases and foundations of
varl u:-; structures. Thus an essential difference of the frost forecast Is
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determined in different stages of investigation , exp loration and lann i~g,
and also the sequence and succession in the scheme -- a general forecast
dur ing  a s m a l l - s c a l e  survey and a spec i f i c  fo recas t  dur ing medium- and large-
scale surveys.

A necessary cond i t ion  of frost forecasting is  the a I p l i c a t ion  of s imp le and
a t  the  same t ime sufficiently reliable and precise calculating schemes. In
tha t  respect the most advisable are calculating schemes based on prec ise
mathematica l solutions of the problems of conductive and coavective heat
transfer. On the basis of them algorithms arc compiled for the solution of
heat-transfer problems by electronic computer. In accordance with those
schemes series of standard or reference cases of t h ose  ~r blems are calcu-
lated for extreme and typ ica l conditions. On the basi~ of then part icular
and general dependences are determined for the characteristics of hea t trans-
fer on different factors and for the further convenience of calculations nomo-
grams are  compiled wi th  a precis on s u f f i c i e n t  f r  p r a c t i c a l U rp o s e s .

Heat-transfer problems arc solved s i m u l t a n eou s l y  w i t h  analog computers and
the obta ined r esu l t s  are compared w i t h  e l e c t r o n i c  com 1ut ~~r s o l u t i o n s . hio w-
ever , numer ica l so lu t ions  obta ined by those meth ds ~~~

- i t  a lwa ys make it
poss ible to revea l the genera l regularities if  heat transfer as a function
of each parameter of the natura l situation . It is better for tha t purpose
to use appr ox ima te  c a l c u l a t i n g  f o r m u la s  w h i c h  inc lude  parameters obta m e d  in
the process of a frost survey. In addition , the s t a r t i n g  da ta f r  a f r o s t
forecast can change s u b s t a n t i a l l y  In the procc5s of plann ing and construction
and it may be necessary to reca lculate the foreca st. It is convenient to do
that by means of a simple procedure suitable f r  field conditions , rap id ly
and reliably. Approximate formulas give a very great effect here.

Approximate formulas are ca lculated and verified on the basis of a precise
electronic computer solution and the limits of application of those formulas
and their precision are determined. Verified variant s of those formulas are
recouvnended for calculations. An obligatory condition for t h e i r  a~~ — l i c a t i o n
is comparison of the obta ined results of ca lculation with full-scale obser-
vations on the investigated areas and key sections.

In vorking u1 a frost forecast it is necessary to select from the entire
variety of approximate formulas those which would make it p oss ib le  to t ake
into consideration both the thermophysical and the geolog ical-g eographic
regularities of heat transfer. One should add to that tha t the ca lculating
formulas include only parameters which can be determined during a frost sur-
vey. This makes it possible to obta in in the field by means of rap id ca lcu-
l a t i n g  methods such da ta as the average annua l tempera tures of soils at dif-
ferent depths and the maxima l depths of seasona l f r e e z i n g  and t h a w i n g ,  and
many others. In the case of any sort of discrepancies both the starting data
and the calculations themselves can be verified in the f i e l d . The speci f ic
forecast for separate areas and structures Is refined on the basis of more
precise calcula ting schemes during processing In the office.
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The fina l goa l of frost invest igations and a frost forecast is an engineering
geologica l evaluation of the investigated reg ion. In the area of sprea d of

j~ermafrozen rocks that eva luation , in sp ite of the app l i c a t ion  of an ent ire
com lex of engineering geologica l investigations , can be gives only on a frost
basis. Thus it Is more correct to say that in the region of permafrozen rocks
a comp lex frost engineering geologica l survey must obligatorily be made , and
it must include a complex of investigation s, both frost and engineer ing geo-
logical. A less illuminated quest ion in those investigations Is the method
of frost forecasting , to wh ich the present work is devoted.
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Cha’ ter 2. Interconnection of the Geographica l, Geologica l and Thermo-
phys ica l Conditions of the Formation and Existence of
Seasonally and Permanently Frozen Rocks

1. The Radia tion Heat Balance of the Surface of the Soil as a Condition
of the Formation and Dynamics of Seasonally and Permanently Frozen
Rocks

The thermal state of the surface of the Earth is determined by the amount
of arriving short-wave solar energy, its transformation into long-wave
energy and the character of the thermal processes connected with the absorp-
tion of solar energy by the Earth ’s surface.

The balance of solar energy on the Earth ’s surface dur ing a certain time
interva l is determined with the equation

Q~~,~(I u) —I - R.

where Q is the suninary short-wave radiation of the Sun and sky, represent-
ing the~~~ni of the direct solar radia tion (Q’) arriving on a horizonta l sur-
face an~ the scattered radiation (q) arriving from the vault of heaven,
kcalfcm ;
a is the albedo of the Earth’s surface, determined as the ratio of the short-
wave radiation reflected from that surface to the total which arrived (in
percentages or fractions of u n i t y ) ;
1 Is the effective long-wave radiation , equa l to the difference between the
proper radiation of the surface 

~
‘e~ 

and the radiat ion of the atmosphere
(I ) directed from the atmosphere toward the Earth ’s surface, kcal/cm2;

R a 1~ the residua l rad ia t ion  or , as it is usually called , the radiation bal-
• ance, representing the difference between the absorbed short-wave radiation

~sum 
(1 - a) and the effective long-wave radiation I, kcal/cm~.

The equation of the heat ba lance of the Earth ’s surface is in essence an ex-
pression of the law of energy conservat ion.  It is wr i t t en  as fo l lows :

R - Li ~.P I 13 , ieui R- — - !_ E - P 13 0, (2. 1 2)

where LE is the expenditure of heat on the process of suninary evaporation
(evaporation of the soil and the transp iration of moisture by vegetation),
kca i/cm2;
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P is the cxi enditure of hea t on the process of turbu l~ nt heat transfer be-
tween the Earth’s surface and the atm~ sphere , kcal/cm 2
B is the heat transfer between the Earth ’s surface and the soil , kcalfcm

The formati n and dynamics of the process of seasona l and p ermanent  f r e e z i n g
of racks arc determined by the structure of the radiation heat balance of
the surface. To study the connection of the therma l processes taking place
in rocks with the therma l processes taking p-lace on the Earth’s surface it
is necessary to examine the influence of all components of the radiation hea t
balance on the temperature of the- surface and the basement rocks within the
annua l cycle (during the main seasons of the year).

As is known , with change of the time of year in the middle and high lat itudes
there is a sharp change in the arriva l of direct and scattered radiation , the
character of the surface and its albedo and in the fina l account the amount
of absorbed radiation. The effective radiation undergoes cons iderable changes
in connection with change of the surface temperature. The same should also
be said with respect to evaporation. All the indicated components vary quan-
t itat ively in the course of the year while preserving their sign unchanged.
The situation is different as regards turbulent heat transfer and hea t
cycles in the soil. They vary not only quantita tively but also in their
sign. The change of sign, as a ru le, is connected with change of the seasons
of the year .

The direct and scattered radiations reach large va lues in the sunnier and
are reduced to a minimum in the winter period. Simultaneously with that , in
winter the snow cover, with its albedo of close to.70-8O%, reduces the absorbed
r a d i a t i o n  to a lmost zero. In the win te r  period the e f f ec t ive  r a d i a t i o n  alwa ys
is substantially smaller than the absorbed radiation , so tha t the radiation
ba lance is positive and reaches such large values that its sum during the yea r
also remains posit ive on practically all the territory of the globe. The main
amount of tha t energy is expended on evaporation , turbulent heat transfer and
heat cycles in the soil. In the winter period , when the absorbed radi-
ation is sharpt y reduced , upon transit ion of the surface temperature through
00 the evaporation and turbulent heat transfer become close to zero and the
radiation heat balance for the surface under natural conditions can be written
as fo l lows :

tQ’ q) ( I  u) l I  B. 2 1 .3)

• It follows from what has been said tha t such components and heat expenditures
on evaporation and turbulent heat transfer are of great importance in the for-
mat ion of posi t ive temperatures of the surface of the soil  and ground in the
spring and sunnier , in the period of maxima l arriva l of solar radia t ion. The
effective radiation exerts the main influence on the formation of negative
temperatures of the surface  of the soi l .

The freezing of rocks involves a sharp reduction of the arriving solar radi-
ation and an excess of the effective radiation over the absorbed , that is,
a negative radiation balance, as a result of which a temperature of 00 or lower
is established on the surface of the soil. It can readily be shown that at
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that t ime the negat ive radiat ion ba lance in essence c o n s i s t s  of a n e g a t i ve
hea t cyc le  in the  s o i ls  and basement rocks.  T h e r e f o r e  the  a m o i n t  of t he  nega-
t ive r a d i a t i o n  b a l ance  Is determined essent ially by the structure of the annua l
heat  cye les in the soil.

At a temperature of the soiL surface of 0
0
, in the structure of the hea t cycles

in soils the main importance is acquired by the hea t of phase transitions of
water into ice. During a certain t ime that process keeps a zero temperature
on the soil surface or close to it (a zero screen). Later (in winter), when
the soil is frozen , the surface temperature under the snow remains somewha t
h i gher thanks to heat cycles in the soil. At the same t ime the amount of ab-
sorbed r~idi ation reaches its minima l va lues. As a result the amount of the
radiation balance decreases rap id ly, changes its sign and reaches large negative
values. The sharp increase of the negative radiation balance is connected ma in-
ly with the release of heat from the soil on account of phase transitions of
water during freez ing. Because of this the negative radiation balance is sub-
jected to latitudina l zonation.

Of great importance to the freezing of soils is the length of existence of the
condition s dUriflg which the negative radiation balance is kept on the radiating
surface, it is precisely the correlation of the length of periods with positive
and with negative adlatlon ba lance which determines the sign of the annua l
average temperature of the surface of the soil , in sp ite of the fact that the
sum of the positive radiation ba lance , as a rule , greatly exceeds the sum of
the negative.

Geo logical and geographic factor s are of grea t importance in the formation of
the structure of the radiation heat balance. Included in such factors above
all are various natura l covers (snow, vegetat ion and water), the relief arid
exposure of slopes , the composit ion and moistur e of cover beds and the rocks
underlying them , and the hydrologica l and hydrogeologica l conditions . All these
f ac to r s  a l so  de te rmine  the  cond i t ions  of i ns u l a t i o n  of the sur face  and the  va lue
of the albedo , and all the thermal processes, as a result of which , in the
latitudina l zones in which the arriva l of radiation is great, frozen rock mass-
es can f orm and exist and, on the contrary, in zones with a small amount of
arriving radiation , taliks are widely developed.

The connection of a l l  the enumerated f ac to r s  w i t h  the r a d i a t i o n  heat ba lance
of the surface and i ts temperature regime can be represented in the  form of
the following equa tion: -

~~ -~-~~~
( ~~~ .~~~ F 9 -_- I ~~~ . / ~~_ U~~~V

_ _ _
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where Q and ~ are the extreme values of the 10-da y sums of absorbed
~ -mln

radiation (kcal/cm ) in the sunnier and winter half-periods respectively, the
subscr ipts “s” and “w” Indicate that the 10-day sums of the corresponding LE
and ~ (kca l/cm2) are taken at the moment of the sunnier and  winter extreme
Values of Q ; B is the 10-da y value of the heat Cycle of the soil

2 }) aV
(kca l/cm ), equal to its half-year value divided by 18 (the number of 10-da y
j or i o d s  in a h a l f - y e a r) ;  e is the absolute atmospheric humidity, mb ; n is the
coefficient of change of cloudiness by latitude in fractions of u n i t y ;  U is
the quantity -‘f hea t lost by rocks in 10 days in accordance with the gradient
of the average a n n u a l  t emp era ture  In the layer of seasona l f r ee z i n g  ( t h a w i n g ),
determined by the value of the temperature shift (section 2, Chapter 4), kcal/
/cm~- ;  V is the amount of heat received by the rocks from infiltrating preci~ i-
t a t i on s  in 10 days , kcal/ c in 2 ; T Is the average annual temperature of the
surface of the soil , °K; T

max s 
and T

min- w 
are the average 10-day temperatures

of the surface of the ground at the t ime of maxima l and minima l arriva l of
solar radiation respectively, °K; Tmax 

and T
min 

are the average 10-da y maxima l

and minim al air temperatures , °K; (J 0.82 x l0~~~ is the Stefan-Boltzmann
constant.

In each specif ic region , depending on the specifics of the geological and geo-

graphic conditions , their own d i s t i n c t i v e  fea tu re s  of formation of the com-
ponents of the radiat ion hea t balance are observed. A difference in structure
of the balance within one region can be noted for different landscape com-
plexes. Those differences , the role and importance of each of the elements
of the natura l environment in the formation of the radiation hea t ba lance must
be studied during the conducting of a frost survey. Such a formu lation of the
investigations provides the necessary material for the compilation of a sci-
entific forecast of the change of frost conditions in connection with construc-
tion. On that basis it becomes possible to formulate the question of the  ad-
missable change of frost conditions in order to create opt ima l con~Ations for
the work of structures.

Study of the radiation hea t balance during the conduct ing of frost investiga-
tions makes it possible to include the dynamics of the upper boundary con-
di tions for the region. In particular , distinct ive features of the distri-
bution and the conditions of occurrence of permafrozen rock masses, the con-
ditions of formation of taliks and many other features can be eva luated.
It also is very important that the structure of the radiation heat ba lance
of the surface  determines to a great extent the charac te r  of the  freez ing of
both seasonally and permanently frozen rocks, which in accordance with the
geologica l structure and compos it ion of the  rocks determines the character
of the cryogen ic textures. There is a no less close connection between the
distinctive features of the r ad i a t ion  heat ba lance and the character  of the
manifestation of cryogenic processes and phenomena. Thermekarst in essence
is a clear expression of the influence of change of the structure of the
radiation heat balance on change of the frost condit ions. Thus increase of
the absorbed radiation through destruction of the plant cover leads to increase
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of the amplitude of the t errtj  t-ratures oi the surface ef the soil and increase
of •:h&- de p t h  of thawing and , consequently, to the forma t i”ri of thermokarst
(in the presence of grea t iciness of the rocks). The same should be said
in r e l a t i o n  to s o l i f l uc t ion , heav ing,  crack f o r m a t i o n  and other processes.

Study of the  rad l i t  ion heat  ba lance and i ts  s t ructure  is of great  importance
-il so in the  exam i n a t i o n  of height ba nding and height zonation in frost stud-
i & s • It is obvious that the amount of direct , scattered and absorbed radia -
t ion , a-~ well as the effective ra’.iation , evaporation , turbulent heat trans-
fer and heat ~ycI~ s in the soil are subject to the height banding and
height zon,itl’-in and are character ized by definite values for different cli-
ma t ic regions and geobotanical zones. Because of this the data of the radi-
at ion hea t balance and the analysis of i t s  comp onents are , evidently, the only
possible scient ific basis in the compilation of small-scale area l frost maps.

As a resul t  of the produc t ion  a c t i v i t y  of man the structure of the radiation
hea t balance changes. For each of the components of the balance that change
can be different and be differently expressed in the temperature regime of
the rocks , on the th~j t h ~ of the seasona l freezing and thawing, and in the
distribution , conditions of occurrenc and comp os it ion  of p e rmaf rozen  rock
ma ssus.

The amount of absorbed radiation
Q,, C~ : 1 a) (2.1 ‘

~)

is determined by the amount of arriving dir ect solar radiation Q ’ , which de-
pends within each region on the steepness and exposure of the terra in. In
accordance with that the value of Q’ can change substant ially when the ter-
rain is leveled. Thus, for example, the smoothing out of the natura l slopes
of northern exposure wi th  a steepness of 30° and reducing them to a horizon-
tal sur face  w i t h i n  the l i m i t s  of 60-68 of nor the rn  l a t i t u d e  leads to an in-
crease of Q’ by 10-20%. When slopes of a southern exposure are smoothed out
the reverse regularity is obeerved , since 20-30% less direct solar radiation
falls on a h .’r izonta l surface than on southern slopes.

The relative amount of change of Q also depends on the amount of scattered
radiation q, which rema ins constant for a given region and does not depend
on the change of steepness and exposure of slopes and other characteristics
of the surface of the ground. The larger the value of q the smaller the
degree to which change of Q is reflected in change of the radiation-heat
balance. p

Change of the albedo of the day surface is of greater importance in the change
of the radiation-heat balance in connection with the productive act ivity of
man. The remova l of the plant cover , and also the plant ing of ~rees, the plow-
ing of the land , the sowing of grass and cereals and the planting of shrubs --
all this leads to a reduction of the albedo of the surface of from 7-10 to 257..
One and the same change in the va lue of O( leads to different changes of the
absorbed radiation . Under condit ions of a sharply cont inenta l climate , where
Q’ + q reaches large values, even a very small change of ~( can lead to sub-
stant ia l changes of the temperatures of rocks. Those changes sill be less
considerable under the conditions of a marit ime climate.

In regions of the Far North the change of the quantity of absorbed radiation
often is connected with change of ~ of the surface of snow in the winter.
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Thus, for example, in the region of Vokruta the blackening of the surface
of the snow because of the depos i t ion  of coa l dust on i ts  su r face  leads to
an earlier disappearance of the snow, increase of the absorbed solar radia-
t ion in the annua l cycle and elevation of the average annua l temperatures
of the rocks.

The change of absorbed radiation leads not only to change of the average
annua l temperatures but also to change of the annua l amplitudes of tempera-
tures on the surface of the ground. Thus , for example, Increase of absorbed
radiation in the winter leads to increase of the amplitudes of temperature
fluctuations in the annua l cycle. On account of change of the steep ness and
exposure of slopes , as calculations and the data of actua l observations show ,
the change of the magnitude of the annua l amplitude does not exceed 2-3°C.
Considerably greater amplitudes should be ex1ected on account of remova l of
the plant cover , and also on account of change of the albedo of the surface.
In that  case the amp l i t u d e s  of temp era tures  can va ry  in the range  of 4_ 50,
and sometimes even more.

Very large changes in the temperature reg ime of the surface of the ground
are noted In the case of the construction of artific ia l covers , which is con-
nected with change of the absorbed radiation and , especial ly, with a sharp
reduction of hea t expenditures on evaporation. Thus, for examp le, during
the creation of concrete and asphalt coverings those changes can lead to
elevation of the average annua l temperature and increase of the amplitude of
annual temperature fluctuations by 2_3o on the surface of a concrete cover-
ing and by 3-4° on the surface of asphalt.

Changes in the temperature regime of the surface lead to change of the depths
of seasona l freezing and thawing of the ground under coverings. Since the
elevation of the average annual temperature occurs simultaneously with in-
crease of the annua l amplitude, the depth of seasona l freez ing varies incon-
siderably and the seasona l thawing Increases sharply in comparison with the
natura l conditions. The structure of the radia t~ion heat blance depends to
a great degree on evaporation. For each given region where the atmospheric
conditions (the air temperature, atmospheric humidity and the wind rose)
rema in constant the amount of evaporation on separate sections depends on the
moisture of the ground and the character of the vegetation . Such a mea sure
as the drainage of soils on a territory which is being opened up leads to a
shapp decrease of the amount of evaporation and in the final account to an
elevation of the average annua l temperatures of the soil. The same ehou ld be
said of the remova l of the plant cover, which leads to drying of the ground
and reduction of the amount of evaporation.

It must be noted that with change of the absorbed radiation there is a sub-
s~~ntia l change also in the amout of evaporation, since the separate compon-
ents of the radiation heat balance are closely interconnected. Thus, in par-
t icular, increase of Q on account of change of the steepness and exposure of
slopes or the albedo P0f the surface leads (all other conditions being equal)
to elevation of the average annual temperatures of the ground and increase of
evaporation.
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Change of the amount of evaporation leads to change of the temperatures and
their amplitudes on the surface of the ground. It is obvious that the tem-
pera ture regime of the grounds in the warm period of the year changes sharply
jrimarlly on account of that factor. The increase of evaporation leads to a
r educ t ion  of the maxima l t emperatures and , consequent ly,  to a reduction of
the annua l amp l itudes , since in the winter the temperature reg ime on the sur-
face of the ground Is practically independent of the evaporation . On dry
sections where there is little evaporation the amplitudes are larger than the
ordinary. In connection with that , on sections wIth great evaporation , other
conditions being equa l, insignificant changes of depth of the seasona l freez-
ing will be noted as compared with the dry sections. In a region of perma-
frozen rocks , change of the amount of evaporation leads to a sharp change of
the depth of seasona l thawing.

Such regular i t ies w i l l  occur during the economic open ing up of t e r r i to ry in
the case of dra inage of ground and regu lation of the surface runoff , an d a l s o
for the case of change of the moisture regime of the soils on account of the
head of the subsurface waters or unregulated runoff of technica l waters.

Similar results can be noted on account of annihilation of the plant cover
or different p lant ing of trees , which leads to a sharp change of the amount
of evaporation. The construction of coverings of various kinds (asphalt or
concrete) sharply reduces the amount of evaporation , because those coverings
prevent the access of subsurface waters to the day surface.

The structure of the radiation heat ba lance also depends on the turbulent
hea t transfer P). It is obvious tha t its amount is determined by the groun d
surface temperature (t0) and the value of the heat-transfer coefficient on
the soil-a tmosphere boundary (K)*. At higher soil temperatures (all other
conditions being equal) the amount of turbulent heat transfer will be greater
than at lower temperatures. There also Is a direct dependence of turbulent
heat transfer on the coefficient K.

The connection of change of the temperature regime of rocks as a function of
turbulent transfer is complex and can be examined only as a whole , with con-
sideration of the interaction of all components of the radiation heat balance .
We will point out here that elevation of the average annual temperature of
rocks while th average annua l air temperature rema ins unchanged always leads
to increase of turbulent exchange. Because of that , increase of t u r b u l e n t
exchange involves a decrease of the depth of seasona l freezing and increase
of the depths of seasona l thawing of the ground. Tha t dependence can vary
in a more detailed examination with consideration of the influence of all com-
ponents of the radiation heat balance. It is obvious that turbulent heat
transfer can vary substantially during change of the various covers , such as,
for example, remova l of the plant cover or of sowings of va r ious  types , cover-
ing with concrete or asphalt , etc.

~The heat-transfer coefficient (K) is included in formula (2.1.6) and corre-
sponds to the coeffic ient .( according to V . S. Luk’yanov and H. 0. Golovko ,
1957.

29



- -——- -

Change of the amount of the heat cycles in the ground leads to change of
the ground temperature by a different amount , depend ing on a number of con-
ditions and on the structure of the radiation heat ba lance. Calculations
have shown tha t such a measure as the draining of ground leads to a decrease
of the  hea t c y c l e s  in the  ground and r eo rgan i za t i on  in the s t ruc tu re  of
the radiation heat balance of the surface in such a way that the average
annua l temperature of the ground rises. Change of the structure of the radi-
ation heat balance and ground temperature will also be noted in the case of
leveling , shear ing and filling of ground , as the composition of the ground ,
Its density, conditions of its occurrence and moisture regime can change, and
this is reflected in the bait cycles.

In studying the influence of the change of ground condit ions on the tempera-
ture regime of the surface and the structure of the heat balance it is ne-
cessary to bear In mind the character and depth of seasona l freezing and
thawing of rocks and their change during the opening up of territory, espe-
cially in connection with the fact that the main share of the hea t
cycles in the ground is determined by phase transitions of water dur ing their
freezing and thawing. Of no little importance in that question is the for-
mation of a temperature shift (see 4.1.19 in Chapter 4), the change of wh ich
dur ing the economic act ivity of man can reach 1 or 2

0
. The change of the

annua l average rock temperature by such an amount near the southern boundary
of the spread of frozen rocks can lead to a sharp change of the depths of the
seasona l freezing and thawing and change of the annua l heat cycles.
The latter leads to change of the structure of the radiation heat ba lance.

As a result of all the examined complex processes occurring on the earth ’s
surface the temperature regime of soils and grounds forms. The interconnec-
tion of those processes and the temperature regime is expressed most completely
by the equation of the radiation heat ba lances, the expenditure components of
which depend functionally on the surface temperature. Therefore it would
have been natural to determine the surface temperature by solving the equa-
tion of the balance in relation to it. However , it is practically impossible
to obta in such a solution due to the complex interconnection of all the pro-
cesses resulting from the large number of factors. A t the present time, on
the basis of study of the radiation heat balance of the surface only some
particular problems are solved , for examp le, the difference between the air
temperature and the temperature of the surface of soil depr ived of plant cov-
er (the so-called radiation correction ~t ) is determined , the inf luence of
the exposure and steepness of slopes on t~e formation of the surface tempera-
ture is determined , the thermal influence of vegetation is determined , etc.

The radiation correction can be calculated for the average annual temperature
and the annual amplitude of temperature fluctuation on the surface of the
soil by determining the convective component from the equation f or the radi-
ation heat balance of the ~arth’s surface. If the coefficient of turbulent
heat transfer K, in kcal/m x degree x hour, is known, the difference between
the air temperature t

0 
and that of the earth ’s surface t, i s 0C, is found

from the formola
p ii: n

R - / —- - . (2 . 1 .t )
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where R, LE and B are the radiation balance , heat expenditures on evaporation
and heat circulations through the -soil surface, kca l/m 2 x hr.

Calcula tion of the radiation correction can be greatly simplified if on the
investigated areas the evaporation and heat circulations through the surface
are relat ively small (for example, on sections composed of fragmenta l mater ia l
of various sizes with a deep leve l of the subsurtace waters , wi th art if ic ial
cover ings , etc). In tha t case At.~ R/~ (2.1.7) , where K~ is the heat-
transfer coefficient , considered to be constant and equa l to 20 kcal/m2 x
x degree x hr (according to V. S. Luk’yanov and M. D. Golovko , 1957). An
application of that formula can be shown in the ca lcu la t ion  of the average
annual temperature on the ground surface. For example, it is required to
determine t on a surface which in sumer is without plant cover and in win-
ter is cove~ed wi th snow if the annual course of the air temperature and the
radiation ba lance are known. The section is composed of sand and gravel de-
posits in which the ground-water level is below 1 meter. The starting data
and solution are presented in Table 1, from which it is evident that on the
surface of the soil (in winter , on the surface of the snow) the average annual
temperature is 2.160 h igher than the average annual air temperature, and the
annual amplitude of temperatures is 6.2° greater than the amplitude of the
air temperatures.

/
/

3d -
Figure 1. Graph of the intercon-
nection of the average monthly air

u - t emperatures (t ) and ground sur-
to Cace temperatur~s ~t0

) for lati-
- r,~~~ tudes of 60 ~o 80 and longitudes

of 78° to 114 .

- 50

-bi -

In the absence of reliable data on the radiation heat ba lance of the surface
it is reco~ nended in some cases that regiona l correlation graphs of the inter-
connection of those temperatures, constructed by the statistica l processing

*In the given case the coefficient ~ corresponds to the coefficient K in f or-
mu la (2.1.6).
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[able I. Ca lculation of the average annua l temperature of the surface of
snow (in winter ) and the soil (in summer ) with cons ideration of
the radiation correction determined by the method of V. S.
Li~k ‘yanov
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of the observations of weather stations situated within the given region and
representative of the conditions of the investi gated section , be used to deter-
mine the temp erature d i f f er e n c e  of the a i r  and so i l .  Presented on F igure 1
is a graph of the interconnection of the average monthly temperatures of the
air and soil surface, constructed for the northeastern part of Western Siber ia.
With that graph , if one knows the air temperature, one can readily dcterminc
the temperature of the surface of the snow in winter and the temperature of
the surface of soil without plant cover in suniner.
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2. Climatologica l Calculation of Radiation Ba lance Components

The network of sp e c ia l  s t a t i ons  c- .aduc t ing  a c t i no m e t ri c  o b s e r v a t i o n s  (of th .
regime of so la r , t e r r e s t r i a l  and a tmosp her ic  r a d i a t i o n )  and hea t b a l a n c e  ~l-

~urvations (of the hea t and moisture regime near the earth’s surface and hea t
transfer in the soil) Is rather sparse at the present time. Therefore in
invest igating the  conditions of the therma l regime of the earth’s surface
a need arises to calculate the radiation heat balance components. Such a
climatologica l calculation can be made on the basis of data of the networ k
of weather stations with use ma inl y of the mean values of the meteorologica l
element s for many years , obta ined from a long series of observations . How-
ever , the use of climatologica l methods of ca lcu lation to obta in the sums of
ht-~ t for a small number of years or for separate years often leads to large
errors .

There are many methods of calculating the actua l Influx of suninary radiation.
An overwhelming majorit y of them is basod on the use of the phys ical connec-
tions which exist between the sums of the solar radiation and cloudiness.
Such a dependence is expressed in genera l form as follows

Q~~~M Q0 I I — ait — 11112
) ,  (2 2.1)

where Q Is the s~ nInary radiation per month under the actual conditions of
c1oud in~’

~~, kca I/cm ; Q0 Is the suimlary r a d i a t i o n  per month under  a c loud les s
sky , determined by the tatitude of the place , the t ime 9f year and the con-
di tions of atmospheric transmittance (Table 2), kcal/cm ; n is the monthly
average cloud iness in fractions of unity, published In “Spravochnik po ku-
matu SSSR” [USSR Climate Manual], Part 5; a and b are numer ica l coefficients ,
of wh ich “a” is determined from observations of actinometric stations (Table
3) and “b” is constant and equa l to 0.38.

Table 2. Sununary radia tion under a cloudless sky, kcal/cm
2 
x month (calcu-

lated for the average length of a month of 30.4 days , according
to Budyko et al , 1961)
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Key: A - Latitude B - 900 N. Lat.
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Tab l e  3. C o e f f i c i e n t s  a and c for  v a r iou s  l a t i t u d e s
— 
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Key: A - ~~~, N. Lat.

Those coefficients show which share of the total flux of summary radiation
is reta ined as a result of its absorption by the cloud cover .

On the basis of cliinatolog ica l ca lculations and observations of the network
of actinometric stations , maps of the radiation ba lance components have been
compiled both for the USSR ~ d for the entire globe (“A tlas teplovogo balan-
sa” [Heat Balance Atlas 2, 1963; Barashkova et al , 1962). The annua l course
of summ ary rad iation for the European territory, Wes tern Siber ia , Eastern
Siberia and the Far East as a function of latitude and time of year is pre-
sented in Table 4.

On sections with a mountainous character of the relief a need often arises
to estimate the total arriva l of solar heat on differently oriented sln~ es.
Such characterist ics are usually obta ined by calcula tion.

The flwc of direct solar radiation impinging on a sloped surface , Q’1, 
can

be expressed by the dependence:

( .. Q’ cc~; 1,

where Q’ is the inten~ ity of direct solar radiation on a surface perpendicular
to the rays*, kcal/cm ; I is the ang le of incidence of solar rays on the sur-
face of a slope , obtained with the formula

~o. ~~. - - U ~T !1 t - Si l l (‘1) ’ ii , ~~- (.1 - 
- - II, 

~~
.. (2.2 . 3)

where
~~ 

is the steepness of the slope ; h0 is the height of the Sun above the
hor izon ; A~ Is the solar azimuth , a nd a

1 is the azimuth of the slope.

A l l  the enumerated parameters are determined by the  laws of sp her ica l t r igo-
nometry and expressed in degrees.

The summary solar radiation imp inging on slopes is expressed by the sum:

y.i
~~ 

I - t / . . ,  (2 . 2 .4)

*Data published in “Spravochnik po Llimatu SSSR ,” Part I.
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Table 4 Mean latitudina l values of the summary radiation (kcal/cm
2 
x month )

(compi led  by Ye . I. N esmelova f rom obse rvat ions  of the actinometr ic
ne twork )
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Key: A - Latitude , degrees I - European territory II - Western Siber ia
III - Eastern Siber ia and the Far East

where

(7, , 1 ~/ t - ’ 
(~a5 t _ ..

; ~2 l a)

• 
r , r

~ ,,11 - : i ~ • (2 . l ( t )
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Table 6 Daily sums of direct radiation (approximate) Q’ in valleys with
meridi ona l and latitud ina l orie,’itation with different degrees of
closure of tht. hor izon (at % of the sums for open terrain) (ac-
cord ing  to Y e. I. Nesmelova with consideration of C. S. Nikolenko ,
1964)
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Key: A - Latitude, degrees B - Month C - Orientation a - meridiona l
b - latitudina l 1 - angle of closure of horizon, degrees

Here q 
~~~ 

kcai/cm
2 is the flux of scattered radi*t ion in~~inging on the slope ;

r is~ the flux of short-wave radiation reflected on the slope from the
h~rtzental surface In front of the slope, kca i/cm2; ~~~~ 

and r
h 

are the

fluxes of scattered and reflected radiation on the hor izonta l surface~, kcal/cm

*The values of and rh r  
were published In “Spravochnik p0 kliinatu SSSR ,”

• Part I.
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The values of and r
1 
obta ined with approximate forniilas (2.2.5) and

(2.2.6) are characterized by an error of 10-20% for slopes with a steepness
of not more than 30-40 • The daily values of the suninary radiation are ob-
ta ined with the formula:

- 

~~Q- -~~ cos’C ~~~~ 
~~~~ Sill ’C ? _ r

10~ . (2.2 7~

It is more convenient to calculate the influx of stmunary radiation on slopes ,
if we have available the values of the relative daily sums (Table 5)LQ’

1
/

/ —  Q~ • If we know the actua l arr iva l of heat of solar radiation in-s.~me
regio~~acco~ding to the “Spravochnik” and use the indicated ra tios, we can
a lways ca lculate its arriva l on the slopes. In the conditions of very rugged
ground a need also arises to estin~ te the reduction of the inf lux of solar
radiation due to the different degree of closure of the horizon ~n valleys
and other negative forms of the relief. In that case one should take into
consideration , besides the summary closure of the horizon, expressed in de-
grees, the orientation of the valleys -- latitudina l or meridiona l (Table 6).

Of great scientific and practica l interest is consideration of the change of
the radiation balance components, and above all the si.wlnary r a d i a t i on, wi th
height. Thanks to the increase of atmospheric transmission the influx of
direct solar radiation increases with Increase of the absolute height of the
locality. The intens ity of scattered radiation of the sky, on the contrary,
decreases with height due to decrease of the moisture content and dustiness
of the atmosphere, but to a far lesser degree than that of the direct. There-
fore in the mounta ins, at a considerable height above sea level, the summary
radiation under a cloudless sky proves usually to be higher. As observations
of actinometric stations in the Asiatic part of the USSR show, a very large
gradient of summary radiation is characteristic of the lower 600-800 meters ,
par” icularly for the spring and sumner months (Table 7).

For calculation of the amount of absorbed radiation one should have available
the characteristic reflecting capacity of the earth ’s surface, that is , the
atbedo. The spatie~ variability of the albedo can be very considerable be-
cause of the variety of the underlying surface (Table 8). Therefore the amount
of absorbed radiation , equal to Q (1 - o~) , will be greatly different for
open terrain and that covered by Sumforest. The annua l course of the albedo
for all regions having a steady snow cover is sharply expressed. Therefore
in calculating the monthly sl.W3s of absorbed radiation it is necessary to draw
in the data on the average datss of the establishment and disappearance of
the snow cover1 and also the dates of transition of the average daily tempera-
ture through 54?, which is assumed to be the start of vegetation of plants*.
In calculating the radia t ion ba lance for sections on which given structures
are being constructed one should use the data on the albedo of unoovered sur-
faces or artific ia l cover ings (~ables 9 and 10).

*Data of “Spravochnik p0 klimatu SSSR,” Parts 2 and 4.
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Table 8. The a lbedo of natura l surfaces of dry land of different land-
scape zones (data of “Spravochnik p0 klimatu SSSR”)
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Key: A - Type of surface B - Albedo, %
1 - St ady snow cover in high latitudes (north of 600)
2 - Steady snow cover in middle latitudes (south of 60°)
3 - Forest under a steady snow cover
4 - Unst.ady snow cover in the spr ing
5 - Forest ~.rithunstead y snow cover in the spr ing
6 - Unsteady snow cover in the autumn
7 - Forest with unsteady snow cover in the autumn
8 - Steppe and forest in the period between disappearance of the snow

cover and transition of the average daily air temperaturG through lO~
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Table  8 Cont inued (Key)

9 - Tundra In the same period
10 - Tundra , steppe and deciduous forest in the period from the spr ing tranaition

through 100 to the appearance of the snow cover
11 - Conife rous  forest  in the same period
12 - Forest shedding leaves in the dry period of the year and semiarid land

in the dry period of the year
13 - The same in the moist period of the year
14 - Agr icultura l land

a - Bottom-land forest. Succulent dense grass
b - Dark-green grass. Mixed herbs in the first phase of development .

Ground dry, dark-gray in color .
15 - Freshly fallen snow
16 - Contaminated snow
17 - Moist snow
18 - Green grass
19 - Dry grass
20 - Swamp with undergrc.wth (goosefoot)
2 1 - Mature undergrowth
22 - Deciduous forest
23 - Spruce forest
24 - Dark coniferous forest
25 - Light coniferous forest
26 - Blueberry and ledum
27  - Moist green mosses
28 - Sedges (moist meadow)
29 Blackened surface
30 - Deciduous forest (birch, aspen) with admixture of pine . Closure  of

cro~.ns 0.3 - 0~7
31 - Pine medium-ta iga forests , closure of crowns 0.5 - 0.8 with admixture

of birch, with undergrowth. Surface of the ground covered with green
and brown mosses

Table 9. Albedo (as 7.) of moist and dry surface of the ground (according to
data fr om “Mti~ ok1imat USSR” [Microc llaate of the USSR], Moscow,
Gidrometeoizdat, 1968) 
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Key: A - Surface B - Compacted C - Freshly plowed 1 - dry 2 - moista - Chernozem b - Chestnut soil. C - Light serozem d - White sand
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Table 10 Albedo of artIficial coverings
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‘!‘ s-d,) Te ’OIO-po3OHblII 10
1 T yI~ • KpaCHbI i! 25
1 T y4 if fTpH b lI I  7
1 9~peniiua Hp 1&o~}ip3cIIaI1 42— 44
16 ‘SI-.3 e3o (pis& .l FI.le) 2
17 PyOep’ ‘a,i CHt ’T.’i ta O 2

18 Pyr ’lepo lf.3 4f l p HoIi  14

~ 

To.m &OHCTHIWJII 
20

CICFI olullvKaTypeHnaIl ru~~y6 au i 13

~ 1 Crena 0TUITyKs-TtprfI)Iail I;0301313)1 (.2
ZZ C- F el ls -  O1WT\ xarypt’io~aF~ t~ e.1Ts- l4 5,
2 ~ Cie,ia ,3t’pCB$fHflaH Ht’K;ls -OJCII . l If  40
2 W 1y~~ITv pka I I I C p )~ 4cIIII II (CHeT~~aH) 60
2 Kpac~ca AI’J7s-$1 110)1)1)1 / ,0

2 6 Kpacii a (“ .l a$ CTs-pag 55
27 I11,eOe &1 041u1 ’I ’ noxpurne 18 -

28 Fpafth~i~Iac Fo b; ’wTlI e 13

29 Ac4 4Iu~r 10—30
10 MIX’lo$S , naiie.m (n~lu 1KaxIl , ) 17

Key: A - Kind of surface B - Albedo , 7.
1 - Sandstone 2 - Cement 3 - Limestone 4 - Côncrete (light)
5 - Granite (light-gray) 6 - Marble (white)  7 - Ordinary red br ick
8 - Silicate brick 9 - Slate (dark clay) 10 - Tuff (sm.oth-dressed
surface) -- bluish 11 - Ditto -- rose-lilac 12 - Ditto -- dark-rose
13 - Ditto -- red 14 - Ditto -- black 15 - Bright red tile 16 -
Iron (rl.isty) 17 - Light roofing felt 18 - Dark roofing felt 19 -
Shining tar paper 20 - Plastered blue wall 21 - Plastered rose
wall 22 - Plastered yellow wall 23 - Unpainted wooden wall 24 -
Light outsid. plaster 25 - New white paint 26 - Old white pa int
27 - Crushed-stone covering 28 - Gravel cov ring 29 - Asphal t
30 - Pavement, ilab in blodks

The va lue of the effective ródiat ion , which is the discharge component of the
radiation balance , is usually calculated with the formula

I J,(1— cn~
1) 

-
- 4&iT3(T13 —T) . (2.2,8)

Hera I ~s the effective r~dtat ion under the actua l conditions of c1oud~ness ,
kca l/cm’; 10 is the effective radiation under a cloudless sky, kcal/cm ; T is
the air temperature, °K ; T5 is the t~~perature of the earth’s surface, °K;
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in is an emp i r ica l c o e f f i c i ent which  assumes v a l u e s  of I to 3; c is the coef-
f i c i e n t  of cl o ud i no ss , vhJ,.~h shows what percentage of the long-wave r 8dia t  ion
is absorbed by the cloud cover (see Table 3); ( — 0.85- 0. 90 is the  r ad ia t ive
capacity of the earth’s surface; ~~~

“ 0.82 x 10-10 is the Stefan-Boltzmann con-
stant .

The second term in formula (2.28) represents a correction of the amount of
effective radiation caused by inequality of the surface and air temperatures.
For monthly sums that correction fluctuates In the range of 0.1-0.5 kcal/cm 2

and is most substantia l in the suniner.

The effective radiation under a cloudless sky I is ca lculated with the for-
0mu 1 a

= (0 .-
~51 - — ( ) .(~~~~ 6 1 - (  ~‘FT’ 

(22.9)

Here e is the water vapor tension in mb , The sums I presented In Table 11
were ca lculated with that f o r m u l a.  I t  should be tak8n into cons ide rat ion
in that case tha t f or reg ions with deep ground temperature invers ion (Eastern
Siberia) the sums I~, prove to be overstated by 30-50%.

Table  11 The e f fec t ive  radiat ion under a cloudless sky I (kcal/ cxn 2 x months )
(according to N. A.  Yefiinova , 1961)

H 
-— ___ 

B L I t ’  I C  ‘I

I 2 3 4 5 5 1 8 ‘1 0 II

40 ~ , 5 ~ , 2 7 .8 7 ,5 7 . 2 6 , 8 6 , 5 6 , 1 5 , 5 5 . -S 4 , 4
- s- ,0 7 , 7 7 , 1 7 ,0 6 , 7 ‘ , 4 ~. , 1 5 .8 3 , - i 5, 1 4 . 1

7 , 3 7 , 2 6 , 9 6 , 6 6 , 3 6.0 5 , 7 5 , 1 5 , 1 -1 , 5 3 , ’)
23 7 , 1 )  .8 6 ,5 6 , 2 5 , ’) 5 , i, 5 3  5 .0 4 , 5  1, 3 3 ,6
20 I’ 0,3 6 ,0 5 ,7 5 ,3 5 ,2 5 , 0 4 .7  4 , 1 -1 , 2 3 , 1
1% ), , I 5 ,9 5 , 6 5 , -I 5 , 2 4 , 9 -1 ,7 1,4
II) 3.7 5 , 5 5. 3 5 ,0 -1 ,8 4 , 6
3 ~5 , 3 5 ,1 4,9 4 ,7 -1 ,5
0 1 ,9 4,7 4,5 4 ,3

—5 ~~, F, 4 , 4
— - 10 1 , 3 4 , 1
—15 3 , ’)
—20 3 , 6
—25

31’) 3 . !
- 3% 2 , ’)
—4 0 2 ,6

Key: A - Air temperature, °C B - Atmospheric humidity, mb

The mean latitudina l values of the radiation balance of the earth ’s surfaee,
equal to the difference between the absorbed and effective radiation , for
various latitudes within our country are given in Tables 11 and 12. The data
of those tables should be used with care for any specific region, monitor ing
the presented values by means of the data of observations of the acttnometr ic
network.
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Table 12 Mean latitudin al sums of t he  r a d i a t i o n  b l i a n c e  R ( kc a l/ c m 2 ) (corn-
~~i 1ed by Ye. I. Nesmelova according t” data of the actin ometric
ne twork )

- - 
B 

- 
-~F ’ .J C

‘.1 VU \,!F F ‘: ‘- .1 ~“. :1

12 I 0.-,’ 1 , ~ - I 7,h , 7 5 , 3 6 , F 3 - I - I j
1 ( . ‘ I L ’ ( j l .2 -! ‘ ‘ ,l ~~3 .5 ? 6.1 ) . l i ,~ 

(F - I )  ~~~‘ ‘1
-; ‘~ 7 3 7 .1 5 , -I ~ :. 5,5 ‘ , 3 (1 I, 1 ~

,

‘1 F )  I I I l~~~ F , ) ~~ , ‘,

-~ 
(~, 6 ‘ 1 2 ‘- ‘2 6 ‘ . -~- 3 ’,’ ’ 1 3 . i . ‘ I) - ‘ ,( -‘.

(4 ‘1 1 ) 1 7 5 ) 1 1) I )  (4

F I i i  - - 14 ~ ‘ ‘ - I , , . I ’  - -5 - 7 3 I I ‘ 
- :1, ‘ ‘I ‘,. ‘ , , 

- ,

- 
Ii , .S , . l  5 ,~ 1 I ‘ H I ,~ 

~-~I 6 , ::
IL,’ 0 ’

H ~~~~~ :~,o s .3 i I . ;. .’. I 1 3 ~~ ~~~~ ( ‘ -

Key: A - Latitude , degrees B - Months C - Year

Table 13 The ratio of the daily sum s of the r a d i a t i o n  b a l a n c e  on ~t”~ 06

with northern and southern exposures and steepness of 10 and 200
t’ the sums on a h o r iz o n t a l  su r face  on the 1 5th of t h e  month  (acc
to “Mikr okl ima t SSSR ,” 1969 )

~~~~~ 

v, 

~

‘

~~ I 
H ‘ . ~~I I

I C1 , s-Il , . F  1 F F  11$

56 0.72 0 ,S6 0 ~~~ 0 ~~“ 0., ‘ 0,7’~ 0 5’ 0 “2 (4 “4 0 ‘1 0,90 0 , 75
3” O~~0 o 

~~~~~~~~~~ 
0 0, ’.’ I L l  U i .’ O , ’ 062 0 :  O.1’

0. ) .)  Li , h ., U I - ’ ’ ( I  0. . IJ ..~ ( F , F ’ I  I)  ‘I . 0. ’! I ) , I ’

( 2  I )  .5 0 L i o ,sr, 0,~’. 0,, ’ Li 1 6 ~2 U il U ‘. 0 , ’ ’I ~‘ . “ i  0 2
(I 0.6 0 ,5-1 0 ~~‘ 0,~5 iI 71 I I  .~2 u “2 0, ’! O u t  0.’’2 (I ~5 0 .1)

(I “a 0 (d,3 U 4 . 1  6 .30 0 “I 0 . 1  0 ‘ . 0. ’’2 U s , 0 s

6” 11 ,1,1 0 ~ 1 0 ~ 0 1’,3 l~~. 2 u , ~5 o so o. ’ -; o ‘i’~ 4) ‘ 6 , ” ‘ I,) -s

11 I ) ‘  l3 , ’ W S i

56 1 , 26 1 ,1! 1 ,06 I .6’ I .17 I UI  I I I  1 ,06 1 04  I .64 1 . 10 I Li
58 I .7 1 , 11 1 . 05 1 (H I .17 1 , 1! 1 ,14 1 ,06 1 .03 1 , 1)1 I lU 1 2 1
60 1 ,Y~ 1. 12 1 .01 1 , 09 I .15 1 ,42 I . 14 1 . 0 ’ I ,tn I ii i  I .1 1 1, 21
I .! I .30 1 ,12 1 .07 I .10 1 ,19 ,4~ I .1’ ’ 1 .07 1 , 1 1  I .05 I . 1! I .22
64 1, 31 1 ,13 1 ,08 1 1 0  1 ,19 1 , 14 I I I  1,07 1.01 1 .03 I , !— ’ 1, 22
I, ’, I .33 1 , 1 3 I 05 1 .11 1 .20 1.45 1 .16 1 ,08 I . u ; 1 ,03 1 .12 I 2 !
68 1 ,34 1,14 1 . 0’) 1 ,11 1 , 21 1 ,16 1 ,17 1 , 05 1 ,01 1 ,06 1 , 13 1 ,73

Key: A - Latitud., degree I - Northern exposure II - Southern exposure
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A t t e n t i o n  is a t t r a c t e d  by the  sharp decrea se of the radiation balance with
height , connected mainly with increase of the reflected and decrease of the
absorbed radiation due to increase of the length of occurrence of the snow
cover , characterized by very high albedo values (Table 8).

3. Procedure fo r  C a l c u l a t i o n  of Hea t ha lance Comp onents

/Calculatlon of the amount of evaporation./ All the present ly used methods
of determining the swmnary evaporation (from the sur face  and t r i n s~ i r . t ion
by the plant cover) can be divided into three groups: 1) based on use of thc
water balance equation ; 2) based on use of the equation of turbu l -r st diffusion
of water vapor ; 3) based on the heat ba lance equation. Of great ü~r 1’~rt,i sic~,
is direct measurement of evaporation by means of contt~mi ‘

- -r~ r’v .-va~ .-‘rat’- rs but ,
unf or tuna te ly ,  the equi pp ing of stations with such ins trum .ints is tio t grt~~t ,
espec ia l ly  on the As ia t i c  t e r r i t o r y  of our oountry.  There fo re  th t ro is spe-
cia l growth of the sole methods of c a l c u l a t i n g  sununary evap ora t ion  which  ma ke
it possible to obta in Its value on the basIs of observations of weat1 a’r sta-
t ions.

One of the most accessible approximate methods permitting ~,‘terrninat lor ‘f the
amount of evaporat ion over m a n y  years f rom l imi ted  sect ions of su r f , ’c e  is t ht
Tyurk method (1958). For natura l surfaces, provided tha t r2/E 2 ) 0.1 , the
ca lculating formula has the form :

E 
l ,O S l r  

- 
(2.~~1)

(J )2 t (I 
~~

where E Is the amount of evaporation (annual sum), nun; r is th~ sum of th~
annual  prec ip itation , nun; E is the maximal evaporation , which limit s the
atmospheric humidity , nun; E° — 300 + 25t + O,05t3, where t is the mean annual
air temperature. 0

The evaporation from the base surface of the soil can be determined with ade-
quate precision with Tyurk’ s formula if one introduces the adc!itiona l coef-
fic ient K which takes Into account the moisture of the grouiid , tha t is ,

E — K —
~~~~

-- - -

~~~
‘
— ‘ (2 3 2)

V

’ 

(
r ) 1  ~~‘ f l  

~~
‘r

where

E0 -j
~
- (1 -j- 2) VQ~ , fl~~H 1>2, E, -0 fl~~H

r is the sum of the precip itat ions in 10 days , nun; E is the maxima l evapora-
t ion ; Q is the suninary radiation arriving on the °surface in 10 days , kcal/
cm2; 

sum 
v is the natural moisture content of the ground , In f r a c t i o n s  of

a unit of vo~iume ; w is the tota l moisture content , in fractions of a uñit lof
volume; wh 

is the h~groscop Ic moisture , in fractions of a unit of volume.
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For regions of excessive and sufficient moistening of the territ”~ ’ .’ of the
USSR a method has been worked out for cauculatlng a evaj oration rate on the
basis of the air temperature and humidity by A. R. ‘ .onstantinov (1963). The
method ma kes It poss ible  on the basis of the mean va lues of the air tompera-
ture and humidity to calculate the perenn ia l monthly and annua l va lues of
evaporation from an area of severa l square kilometers surrounding the weather
station (Figure 2). Weather station da ta typ ica l for the surrounding terri-
tory must be taken in the calculations.

Figure 2. Noniogram for ca lculating the mean annua l perennia l
evaporation on the basis of the mean annual air temperature
(t) and humidi~y (e). a - e, mb

To determine the mean perennial annua l amounts of evaporation for sections
of dry land limited in size one can also use the equation of M. I. Bud~,,co
(1971): 

__________ __________

!~ 1/~~~~~( l - -L ‘~ ) th - ‘ (2 .3.3)

where r is the annua l rate of precip itations on the basis of materials ob-
ta ined in observations at the given point, R is the mean pe rennial annua l
amount of the radiation balance for a moistened surface.* The ratio R /L
(L 600 kcal/g i~ the latent beat of evaporation) expresses the evapo~a-
bility, tha t is , the maximally possible evaporation from the surface which
under the given meteorolog ical conditions occurs from the territory only when
it Is quite adequately moistened.

The method is applicable for conditions 6f naturally moistened surfaces of
the plains territory of the USSR without limitation . Here the conditions If

*taken from a map comp iled by N. A. Yef tmova (1962).
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natura l moistening of the surface are taken tnto consideration in formula
(2 .3. 3) by the  amount  of prcicip lt a t i o n s  r , and the  d i ff e r e n c e s  in t he  I. rnpc-r-
t i ~~-s of the  basement rocks , i n c l u d i n g  in the lan t  cover , by the amount  of
the r a d i a t i o n  b a l a n c e  R • In calculating the evaporation one can use a .mo-
gram (FI gure  3), the me~ n error in the c a l c u l . I t i on  of w h i c h  is about i7~~.

b
a ~~~~~~~~~~~~~

T

0 2.50 500 / ~ I) 100!) 1, ’4~~ .3 -
C ,X ”O” -~,- - 3

Figure 3. Nomogram for calculation of the mean annua l peren-
nial evaporation (E) on the basis of corrected prec ipitations
(x) and the radiatlo, balance of the moistened surface (R ) .
a - E, nun/yr b - R , kcal/cm 2 x yr c - x, rn/y r

Table 14 shows the variation of the amount of evaporation as a function of
latitude of the p lace and the type of plant cover on the territory of the USSR .

/Calcula tlon of the amount of turbulent heat transfer of the surface of the
ground with the atmosphere!. Calcula tion of the turbi~lent hea t flow P
(cal/cm~ x days) based on the theory of turbulence was proposed by A. R.
Konstantinov (1956). The initia l calculating formu la has the form

~ ~~~~~ (i b 
7’i: ‘/ ‘

D )  (T 1, -— T,), (2, 3. -I)

Here u 
v 

Is the mean wind velocity for the month at the height of the wind
vane, 

w- m/sec; Ta 
is the mean monthly air temperature (in a psychrometric

booth), °C; T5 Is the mean monthly temperature of the soil surface, °C, mea-
sured at weather stations. The coefficients a and b in formula (2.3.4) are
as sumed to be the following :
1) a — 6.0 and b — 0.1 for the period with snow
2) a — 6.0 and b — 0.9 for the period without snow
The stan of P for a month is obta ined by multiplying its daily value by the
number of calendar days in the month.

It is reconinended that the turbulent heat transfer be calculat~ed in the same
way as in calculations of evaporat ion for representative stations , the obser-
vations of which are typica l for the surround ing territory. Tt is Inadvisable
to use formula (2.3.4) for strongly broken terrain. An approximate distr i-
bution of the values of P over the territory of the USSR is presented in
Table 15.
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l ab l e  14 D i s t r i b u t  ion of the  sunmiary LV J~ . r t  ion f r o m  t h e  su r f ace  of dry
1,lnd (E , mm) by months~

- 
I -

- 
- I

. I c  
~~~~~~~ 

III J\’ ‘‘ VII  \ ) I i  I ’  
~~~~

. 

1

-

~ I I ‘p  : I . ’ , ~~~ Tc ’~~~’ ‘~~ ~~~ 3 , (

0 1 3 1 3 2  15 .7 L 3  3~~), 3’l .’I _ 3 6 10 ’ . 1. 3 U ‘ 2 . 3
0 1 -~~ I -  3) 1 “~ I ~I - ,

‘ , ‘~ , ,  ‘ ‘I 11 , I I  . ‘ —

61 0 1 ‘l ~ 7 _ ’i1 72 I 
~~~~ 

C, ) ‘~ I I  “ ‘  I ) ~ 4 II 1’ , U~ I ‘I~ (I I.

0 ~‘ 2~~1’ ‘H’” -~ 
-I~ 73 , 0 u I  I ) ,  ~~~~~~ I I ) ) , ) ’, — I 6 22 0

~ 4 I  0 ‘~ -‘{ 0 — lU ’. .1 I
3~ 0 2 16 30 H US ( l u  75 I I  I ‘u 

,, .,
— — - — r I — , , 

‘ ‘~ ‘~ 64 ~i ‘ ‘ .1(1411 (1 1’ - I .1 I . , . 
— I I — ‘‘ ‘ —

‘
~~~

“ ‘ I ” ’ l~~~~~ 
: 3 ~~~~~~ ;~~~~~~

) 4 1 1 1 4  2 1 4

, l.. 1l,c1(I,~ I I 1’

‘I Ii I )  3 1 6
~3-

_ \.- ~~~~~~~ 0 0 3 IS ~~~ .‘ - — - 
,~~ I I  ‘ U ‘~~~- 4 I~~ ‘n .,(I0 - 13 0 0 4 0

:4, 0 IL 
~~~~~ 

~~~~ 
~
‘ II ) 14 0 0

~~ 14 0 0 40
0 ~ I’2~ - I!” 13 15 Ci o 4.30

C .~~,, - 56 0 5 lu 2 1 ’ “3 108 “4 0 12 23 5 0 4~O

d 1e~’~~r -i i t .  54 0 4 j 2 1, 1 101 ‘ ‘  -

~~

1 II I~ I f (I I~~k 11 ,~~ ‘ i I I ) )  Ii —

‘1 I ‘n 126 3-3 ‘-I - 13- 16 3 0 0 2 3

HO L I
Cp ’:,I - ~~~H I +  58 0 2 6 I” .,l 

~ ~~ ~

‘ r.~IIL,lcl 1,l,A- III4H 31, 
0 2 II : ~ ~I 32 .3 2 C’ 310

Key: A - Forest B - Latitu-U , degrees C - Year
I - European part  of the USSR II - Western Europe III - Eastern
Siber ia and the Far East
a - Coniferous b - Mixed and d,2ciduous c - Deciduous d - Fores t -
steppe e - Northern Laiga f - Middle  and southern  t a i ga
*CompIled by Ye. I. Nesmelova on the basis of: 1) Ma1 of annua l evap-
oration (K , torn). “Katerialy mezhduvedomstvennogo soveshcheniya po ~-ro-
bleine i zucheniya  I obosnovaniya rascheta Isparen iya ” [M a t e r i a l s  of
the Interdepartmental Conference on the Problem “f Study and Substan-
tia tion of Calc~ilation of Evaporation]. Valday , 1966; 2) “rrudy CCI ,”
1968 , No 151.

In making a frost survey and comp iling a frost forecast it is possible to use
the very simple dependence

I” a (t,~ —l ,), (2 (5)
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Tab l e 15 Tur~ulent heat transfer and its distribution In the USSR (kcal/
/cm x months) (acc to da ta of “A tlas te~ lovogo balansa ,” 1963)

I U II 1’ V ‘.1 ‘.‘ i I  VIII IX N :.i XI!

I 4 1  I ‘ 0 0 0 0 0 2 I I I) () 0

~‘ ‘ “;Ii (’IY-I 4 0 0 C) 0 I) 2 2 1 1 1) 0 0
~ 0 0 0 0 I 2 2 I 1 0 0 0
-1 0 4 )  0 U I 2 2 I I I I) a

0) 1) 3 0 I ) I I 2 1 I 1 )) 3)

-33- ( .i 0 I) U I I .3 I I I 0 I)

56 0 0 u 0 I 2 3 2 I I) I )

54 0 I )  IJ I I 3 -~ 3 2 I 0 0
32 0 I )  I) I 2 1 4 3 2 1 0 1 0

3 4 : i , I I a I f t  1 0 0 0 0  0 2 2 2 1 0 0 I)

(-6 0 1) 0 0 1) 2 2 1 I 0 Ii I)
61 0 0 I) 4) 1 2 I 1 1 U U I)
62 0 1) 0 0 I 2 1 I I I u U
(‘.3) 0 0 0 (1 1 I I I I I U
5~ 0 0 1) 0 1 1 2 I I I 0 I)

‘nU U 0 0 1 2 2 3 2 I I 3) C )

51 0 0 ‘) I 2 1 3 2 1 I 0 I)

52 0 U 0 I 2 2 ‘I 4 3 2 
- 

I 0 6

I CT IF I CII 4” 0 0 I I  0 0 2 1 I 0 4) (.1

Ii 0 0 0 0 ‘2 1 1 1 - 0 6 0
f t -  r- ~ , U I J I) C) I ) I I 2 I I I ‘~ I) II

I 2 U I) I I I 2 I I I I U 0
- 

a - - ‘ I 1 1 2 2 2 I I , I U 0
-
~~ 

1 3,4
1

4) I I 2 2 2 I I I 0 1)
I I 2 2 2 2 1 I 0 1
I I 2 2 2 2 I I 0 0

1 2 2 ‘2 :‘ I I 0 0

Key: A - ~~~~~~~~~ d~~~~~: I , II and III -- As for Table 14

vher&~ ~ t~. t h ~ c--€ ’ffL c~ent of turbulent hea t transfer between the soil and
the atn ,s~ I-~ere (kcdl/rn x degrees x hrs).

The v .ilue ‘f ~ can be determined in a survey from the equation of the radia-
tion-hea t ba lance if its components are o b t a i n e d  by direct measurements in
the fiel d, that is ,

a - - - -
~
- . (3 .3,6)

Cr1 1•

The c o ef f i c i e n t  ~ should be determined fo r  each type of landscape (see exam-
ple 14).

Calculation of the amount of cycled heat ia the soil and rocks. The heat
cycled in the soil in a half-year, accordiqg to V. A. Kudryavtsev, Is deter-
mined with the equation [see (4.1.11) in Chapter 4, where the cycled heat is
designated by the letter Q)
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wh ere A is the amplitude of the annua l fluctuations of temperature on the
s u r fac e °of the ground ( i t s  phys ica l  va lue in C ) ;  T is the period , equa l to
a y ear 1 in h~ u r s ;  ~ is the therma l c o n d u c t i v i t y  ( ‘f the- soils in the grounds ,
k c a l /m ” x degrees ; ~ h 

is the tempera~ ure  of the  pha se t r a n s f o r m a t i o n s  of
water  in s o i l s  and ~ groun ds, kcal/m ; ~ is the depth of the  seasona l
f r e e z i n g  ( t h a w i n g)  of the so i l , m ; Aav is the average ampl i tude  in the layer
of seasona l f r e e z i n g  ( t h a w i n g) , °C , determined  wi th  fortnu ia (4 .1. 3) ;  ~~~.

is de termined  w i t h  fo rmula  (4.1.5).

It is evident from the presented equation tha t the va lue of B depends ~n the
continental climate (through A ), the  he igh t  zona t i on  and the l a t i t u d i n a l
zonation (through t~ ) .  It Is °very important tha t the heat cycles depend to
a great degree on the thermophysica l characteristics of the ground and the
phase transitions of the water during freez ing and thawing, which is connected
with the inf luence of geolog ica l factors (the genesis , structure and conrposi-
tion of the rocks and the hydrogeologica l conditions) on the formation of the
hea t cycles.
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Chap ter 3. Conductive and Convective Heat Transfer in Rocks and Their
Freezing and Thawing

1. The Temperature Field of Rocks. Heat Transfer and Heat Cycles

In the upper layers of rocks subjected- to very sharp therma l effects the
temperat ure serves as a very active and variable parameter which character-
izes the thermal state of the rocks and its changes.

The temperature distribution in rocks is called their temperature field .

The temperature field in rocks Is determined comp le te ly  if the temperatures
(t) are known at all points itt the rock at each given moment of time ( t),
tha t is, if the function t(x, y, z, t) is known.

If the position of surfaces of equa l temperatures does not vary In t ime, the
temperature field is called stationary. But If t4. (x , y, z,t) ~ 0 the po-
sition of surfaces of equa l temperature varies in space and t ime and the
temperature field is called non,*t~tionary.

In practice the temperature field in rocks is judged most often on the basis
of the data of observations in wells in which the temperature is measured
through definite intervals  in depth (z) and at given moments of time (‘t).
Three kinds of temperature curves can be constructed : 1) of temperature as
a function of depth at different moments of time (t —1(z)

~ 
) (Figureconstant4); 2) of the variation of temperature as a function fo time at a

given depth (t — ~~(-c ) 
— 

) (Figure 5); 3) of the variation of depth
of a given isotherm aja ~~~~~~~ of time (z 1(T1+.,.. n tan ~ (Figure 6).
The last-mentioned kind of curves often is called a”1he~~o?sop~et.

It is possible to judge unequ ivocally the distribution and variation of tem-
peratures In the volume of rocks on the basis of measurements of temperature
in a single vertica l well only when it Is known that the isothermic surfaces
are arranged horizontally (perpendicular to the well or In parallel with the
day surface). In that case the problem of the temperature distribution be-
comes untdimenstonal .

However, if the Isothermic surfaces are bent and not perpendicular to the wells ,
then to determine them it is necessary to measure the temperature in at least
three wells close to one another and not lying on a stra ight line.
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Figure 6. Curves of the variation of rock temperatures
over a profile in tim e (thermoisop lets). a - Months
(March, April , etc).

The definitive selection of the necessary number of wells is generally deter-
mined by the concrete geologica l and geographic conditions on each given sec-
tion, The intensity of change of temperature In the direction of the norma l
to the isothermic surfaces (ôt/~n, where n Is the normal to the isosurface)
is called the temperature gradient. The temperature g~adtent caused by the
heat flux going from the depths of the Earth tow - rd the surface Is called the
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geotherma l gradient . The reciprocal of the geotherma l gradient is called the
geotherma l degree. The geotherma l degree shows in what vertica l distance the
tempera ture  changes by 1 C.

T emperature f i e l d s  are  e s t a b l i s h e d  in rocks as a result of hoat exchange of
the l a t t e r  w i t h  the  s u r r o u n d i n g  medium (a tmosphere) .  The he a t  exchange  Is
ex~- res sed  b y the heat balance equat ion  which connects the energy inf lux , trans-
formation and expendi ture.  The hea t exchange is expressed numer i ca l l y  by the
amount of energy transformed from one form to another in a given volume of rock
dur ing  the t ime interva l under cons ide ra t ion.

In the climatic zones of the Earth in wh ich there are seasona l variations of
the a r r i v a l and o u t f l o w  of energy,  the annua l period of v a r i a ti o n  of tempera-
tures In rocks is subdivided Into two parts: the cooling and the heating
half-1 eriods. The amc*int of heat arriving in the rock during the heating
half-p eriod and leaving It during the cooling half-period is called the heat
cycled in the rock.

Very closely connected with those hea t cycles in middle ~rrc nor thern l a t i t udes
are  the processes of rock freez ing and thawing described by non l inea r equa tions
of heat and mass transfer.

2. The Equation of Therma l Conductivity

Processes of therma l conductivity (diffusion and filtration) are descr ibed by
equa t ions  wi th  parabol ic  second-order partial der ivatives . For simp l i c i ty
we will consider the process of hear propagation in a rod thermally
Insulated on the sides and sufficiently thin that at any moment of t ime the
tempera ture can be considered Identica l at all point s of the cross section
(a unidimensiona l problem of therma l conductivity) . To find an equation
satisfying t(z, t) we will formulate the physica l laws def ining the processes
of hea t propagation.

/The property of thermal conductivity !. If the temperature of a ‘body is Ir-
regular, heat flows directed from points with higher to point s with lower tem-
peratures arise in it. The amount of heat flowing through the cross section
z in the time interva l (t, T+ dC) Is equa l to:

- 1/Fli t, (3.2.1)

where q(z, t )  — - )
~(z) ~~ is the density of the heat flux equa l to the a~ ount

of heat passing per unit of time (hour) through a unit of area F, in m’.
Here ), is the therma l conductivity coefficient of the rod , which depends on
the material. The minu s is explained by the fact that the heat flux Is direc-
ted toward a reduction of tempera ture. Cons equen t ly the am oun t of hea t Q, in
kca l , passing in the time Interva l (E 1, t2) through the cross section z is
equa l to

Q 
~F S ~~

(:) ~~~~~~ ~ - ilt,
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/The property of heat capacity !. The amount of heat needed for t h e  hea t ing
of a body by &°C is  equa l to Q c Ivtt~ where C Is the specific heat , in
kcal/kg x degree , ~

‘ is the density, kg/rn , and v Is the volume, in m3,

If the temperature variation is different for different sections -or the rod
is not homogeneous , then

() F 
$ 

C0 (z) y (j A ? (:) (12 .

/Heat sources/. Within a body heat can be released or absorbed (for example,
during radioactive decay, chemica l reactions , etc), which is characterized
by the density of the heat sources w(z, t) at any point z at the moment t.
As a result of the effect of sources on the section (z1, z2) in the time

~~l’ 
T
2) the quantity of heat

Q -- F~~~j~~~(: t)dz dt,

is released (absorbed).

The Fourier equation describing the process of therma l conductivity in a uni-
d imensiona l problem has the form

~ t (z,  r~ 
,1 

~~
, - -L,) (:, !)y(i, fl———---— —--— —~~~~ i (z, i) —  —~~~(z , T),

In the particular case of a homogeneous medium without interna l sources,
equat ion (3.2.2) is written in the very simple form:

~
_
~f~jL =a 2

~~~ Y

wt~ere ~ 2 
— )

~ic ~ is the coefficient of thermal conductivity. Henceforth
we sill use C to°designate the vol~wietric specific heat C0~

’,

The equation of heat propagation in space (a three-dimensiona l problem) is
written similarly. In that case

,() ( ii. z i)  ‘~ . _)  
- s

~~~~~~~~~~~ i ( x , y , z , t) —  - — t (x ,y, z, t;— -1--

‘ -t  ‘ - C ,,x 
-

— ? .( .v , y, z, t ) _
~
_____

J 
- ( ‘ I ( X , U , Z , t ) ,

or in the very simple form

~~~~~~ ~~~~~~~ a-  .‘tt , (3 2.3~
(IT

(J2 
~
J2

where t~ — 
-—--- -—

dx ’ (Iq1 ( 12’

is a LapLace opera tor .

fThe formulation of boundary-value problems !. To single out the only solu-
tion of a therma l conductivity equation it is necessary to add to the equa-
tion the initia l and termina l boundary conditions. The iflit ia l condition
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consists in assigning the values of the function t(z, r) at the init ia l mo-
ment t • The boundary conditions differ as a function of the temperature
reglme°on the boundaries. In frost studies three types of boundary condi-
t ions are usually considered;

1) type I~ In which the temperature on the boundaries is g iven , for example,
t ( c , fl — 

~~ 
(t), where (t) is given in a certa In Interva l ~ t ~

t.
I 

- t
o 

Is the time of investigation of the process;

2) tv~e I I , in which the value of the der ivative

~) ‘ t -~
(I)-

is g iven on the boundary. This condition occurs if the va lu e of the heat
fl’ix in the course of time Is given;

3) type III , in which a lInear combination of the function and the der ivative
is given

- -( 1 , ‘t) - at (1, ~ ‘~

This condition corresponds to heat exchange in accordance with Newton ’s law
on the surface of a body with a surrounding medium the temperature of which
4,3(r) is known.
An Imp ortant  p a r t i c u l a r  case is the heat exchange of a body with a surround-
ing body through radiation. In that case the heat flux obtained by the sur-
face Is proportiona l to the difference of the fourth powers of the absolute
temperatures of the surfaces participating in the heat exchange:

- ~:
1 ((), t ) / ‘ (z , T) 1,

Her e ~~ is the Stefan-Bottzmann constant ; ~ is a constant which depends on
the ability of the body to absorb radiant energy and on the mutua l disposition
of the radiating and irradiated bodies. The boundary conditions on the dif-
ferent boundaries can be of different kinds, so that the number of boundary-
va lue conditions is large. Also often used is the condition of complete
therma l contact of two media (a multilayered medium) wi th  f ixed boundaries,
which consists In continuity of temperature and the heat flux

t (:~ - - ~~ -r) I (Z~ ~
- 0, -r),

‘- t - (It

~
. (:~ — 0) 

L — o 
i. (z , 0) 

~:
where z

1 
is the depth of contact of the layers.

3, Temperature Waves

The problem of the propagation of temperature waves in the ground without
consideration of phase transitions is one of the first examples of the appli-
cation of the mathematica l theory of therma l conductivity developed by Fourier
to the study of natura l phenomena ~~ikhonov and Samarskiy, 1953).
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The t~~ perature on the surface of the ground has a clearly expressed ;-eriod-
ici ty (daily, annual or perenn ial). The problem of conductive propogotion
of ~eriodic temperature fluctuations in the ground , that is , deter ininiti -- :
of a periodically established temperature reg ime , is a task without initial
condit Ions , since dur ing multip le repetition of the tenr -crature course on the
surface the influence of the initia l temperature drops and becomes much small-
er than other factors which are neglected (for example, heterogeneous ground).

We w i l l  examine a s o l u t i o n  of the problem of a periodically established reg ime
for a homogeneous sernirestricted rod in the region z —‘ 0 (Tikhonov and Somar-
skiy, 1966) provided that given on the surface is

‘(O , u t~ - 
,- i ,~~~~ ,I1 , (3 . 3.~ )

Or

1(0, -v) 1, - •-1 s~n’ot , (3. ’
~ 2)

where t0 
is the mean temperature during the period of oscillations ,~~i 2~? / [

is the frequency, A is the amplitude of temperature oscillation s on the sur-
face of the ground and T is the period.

A lim ited solution of the posed problem under the conditions (3.3.1) or (3.3.2)
has the respective forms

~/ii~T 1 I /~~~t (:, c) 1~ 
- -h’ - ‘ ‘ COS ~ I~~t — 

~/ ~ 

-?

t ( z , I) 10H ,l,’ 1 
~&
‘sin (()t~~~. i/i~~:)

The posed problem Is solved similarly in the case of a restricted rod when a
cons tant  ~enrperature is g iven on the lower boundary. In that case the solu-
tion has a more complex form, If the boundary functL--- represents a combin-
ation of harmonics of different frequencies or amplitudes , the solution be-
cause of the linearity of the problem is obta ined by superposition of the so-
lutions corresponding to the separate harmonics, In precisely the same way,
In the case where a constant  t emperature g rad ien t  is given in the medium , for
example, the geotherma l gradient g, degrees/meter , a solution of the problem
Is obta ined in the form

z - 2’r I ~~‘
- 

-

1(z , t) ~, / P’ .i’ ‘ - ‘ si n — —
1~
—--~~ 1 ‘ 

~‘v ~
On the basis of the obta ined solution Fourier der ived the following dependences
for the process of temperature wave propagation In the ground. During periodic
temperature oscillations on the surface , in the course of a long time tempera-
ture oscillations with the same period are established in the ground , where:

1) the amplitude of oscillations decreases exponentially with depth

3 ,~~ (Fourier ’s f i r s t law)
-1 (z) - l e  ~~~ 

-
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tha t is , when the depth changes according to an arithmet ic progression the
amp l i t u d e  changes according  to a geometric  one;

2 )  the t emp era ture  o s c i l l a t i o n s  in the ground occur w i t h  a s h i f t  of phases
proportiona l to the depth

I 

~~~~

-‘ ~ 1’ , (Fourier ’s second law)

3) the depth of penetration of temperature into the ground depends on the
period of oscillations on the surface .  For temp erature o s c i l l a t i o n s  wi th  the
periods T 1 

and T
2 
the depths z1 and z2 

at whIch an identica l relative tem-

perature variation occurs are connected by the correlation

- - 
J~7 

‘
~~~~~ (Fourier ’s t h i r d  law)

2 1

That law makes it possible to find the depth of pene t r a t i on  of oscillations
with an identical amplitude as a function of the period.

From the presented solution of the thermal conductivity equation during perl~
odic temperature oscillations on the surface of the ground flows an additiona l
series of regularities of great imp ortance in f rost  s tud ies.

It follows from (3.3,4) that

~ 1”o( .~ 
In - - ~~~~

where j
~ 

is the thickness of the layer of ground on the surface of which the
amp litude of temperature oscillatiofls is equa l to A and on its basement to
a certa in A f — A(t).

In the case of annua l temperature fluctuations at A i € , where €. is the pre-
cision of measurement (usually 1 �~ 0.1 °C) , within the limits of which it can
be assumed that the oscillations at z > I are practIcally damped , and ~ t~ the
depth of propagation of annua l temperature oscillations (the depth of “zero”
annua l amp litudes). It follows from (3.3.5) that the dep th of the zero annual
amplitudós increases with increase of A , ).. and T and decreases with increase
of C.

Expression (3.3.4), which describes the damping of amplitudes with depth , makes
it possibLe to determine the annua l heat cycled in a layer of soil with the
thickness I . It follows from (3.3.3) that during periodic oscillations
the temperature in a layer of ground with the thickness ~ varies in the range
from minima l to maximal or by the doubled va lue of the amplitude of oscilla-
tions (Figure 7), Consequently, In a layer with the thickness the heat cycled
during the half-period Q is equa l to

Q0 - : 2 (A 0 - i1~
) V - “

~~ 

-

.
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lf we introduce the concept of the mean amp l i t u d e  (Am
) for  a layer  w i t h  the

thickness j , the express ion for Q can be w r i t t e n  in the  form

Q0 ~~~~ ,~ 
( - ~~. -~ (I)

Consequently , If we use (3.3,5) we obtain

~1. ‘ -

To determine the annua l heat cycles it was assumed that the temperature during
the year at each depth in the layer under consideration with the thickness ~
varies by twice the va lue of the temperature oscillations 2A1 , tha t is , in
accordance w i t h  the envelopes dep icted on F igure  7. I t  is obvious  t hat  the
enve lopes represent fictitIous curves , since the maxima l and minima l temper-
atures reach different depths at different times. Because of tha t the hea t
cycles according to the envelopes are substantially overstated In comparison
wit h those possing through the surface into the soil Q

3.

- - -- — - • ~~~~~ - . 0 4 8

N \ -
.

\ \ _ _
‘ \ \  -
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8

- -V
p-f

Figure 7. Temperature curves during the year and their
envelopes (1) .

Formu la (3.3,3) is used to determine the latter.

During p e r iod ic  oscillations the arr iva l of heat is noted during one half-
period and the discharge of heat during the other. In that case the heat
fluxes change signs. In the annua l balance , when there is a periodically
established reg ime , the inflow is equa l to the outflow 1

We will find an expression for the temperature gradient on the surface at any
moment of t ime. To do that , differentiating (3.3.3) wIth respect to depth
and substituting z — 0, we obtain (without consideration of the geometric
gradient ) .

“1 / oC / ~~t - I- —- I! - -

~~ 
- /l

~ cos — - - - 
~~~~~~~ ~~ ri —i- - t I .  (3 3- - p 

~ o p ,~i \ 1 1 /
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If we equate (3.3.8) to  zero we obta in for boundary condit ions (3.3.2) t- j -  I

moment s of Inversion of sign of the heat fluxes during the annual cycle:

1’ n ‘~

In the cas’~ of (3,3,1) we have analogously

I -/ U t, -- — I .

Finally the inflow (outflow) part of the heat fluxes during the conTp U-t~ cy-
cle will be equa l to

2 ( - I ~~ - 1 )  ~/

If we compare the obta ined expressions for the heat cycled Q a c c o r d i n g  to the
envelopes with tho6e passing through the surfaceQ, It beco~es evident tha t
Q Is greater than the rea l hea t cycles Q by J2 t imes.

The number of heat cycles during an arbitrary time interv il is obtaio, d simi-
larly during corresponding substitution of the integration limits .

By means of A the expressIon for the heat cycles through the surface of the
soil for the m laycrf assumes the form

Q V~ --
~~~~ 

C ~~. 3 -~~

I t  is obvious that  the described theory is va l id dur ing heat pr o~ o g a t i on  in
dry homogeneous ground , without consideration f phase transitions of water
t r a n s f o r m a t i o n.

4 , De te rmina t Ion  of the C o n f i gu r a t i o n  of the Frozen Rock Mass and the
Temp era tLre  F i e l d  in I t  by S o l v i n g  the  S t a t i o n a r y  Problem of Therma l
Conduc t ivity

The donflguration of the rock mass and its therma l reg iiae are in a def inite
reç~lar connection with the conditions of hea t transfer on the surface and
the heat flux from the depths of the earth. The ma in difficulty in solving
the given problem , espec iall y in the multidimensiona l case , consists in the
substantia l nonstationary character of tbu temp era ture  field , primarily in
the layer of seasona l freezing and thawing. At the same t ime , In connect ion
with perennial temperature fluctuations on the surface, the temperature field
below the layer of annual fluctuations also is nonstationary and varies a t  any
depth in any time segment. However , the amplitude of the perenn ia l tempera-
ture fluctuations is considerably smaller than the amplitudes of their annua l
fluctuations. To simplify the problem , D. V. Redozubov proposed that below
the layer of annua l fluctuations the temperature fluid Is practically stationary .

Star t ing from that , D. V. Redozubov (1959) proposed a simple method of “therma l
prospecting for frost,” based on solution of the Dirichiot problem (the first
boundary-value problem), that is, solution of the stationary problem of therma l
conductivity under type I boundary conditions. Tha t method makos it possible
to determine approximately the configuration of the permafrozen rock mass and
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the ternl eraturc’ field in it , using da ta on the basi~- of shallow wells and
the known tenm e-rature at a f a i r l y  great  deT th (on the known geotherma l grad i-
ent in the given region), The- geotherma l gradient i- ~ taken into cons ider--
t ion , as In Section 3, in accordance with the }rinci:-leI of ~u1 er~ °sitinn , as
the :roblem Is linear in such a formulation,

Exclusion of the layer with~ sha rp i .’ n ustationary temperature fi e ld leads
to a need to i n t r o d u c e  a bound ing  su r face  where a tenr erature distribut ion
is g i v e n  wh ich  is i n v a r i a b l e  In time (but depends on the- coordinates In the
case of a 2- or 3-dimensiona l ~roh1em) . The bounding surface is selected as
a function of the relief of the surface. A very simple case of the form - f

the bounding surface is a plane , and , in the two-dimensiona l case , a stra ight
line bounding a half-1 lane. In the- latter case the stationary t erm e-rature-
field for the homogeneous half-1 lane - ~~ x -i - and z -~ 0 is determined by
solving the Laplace equation

(r .
- . - --

a
- 0 3~4 I)

upofl the condttion / (v 0) ~~(x), 

- 

(3 . 4.21

where z = 0 Is the equation of the hounding surface and ~ (x) is the given
temperature distribution on it.

As is known , the solution of tha t problem is written with the Poisson integra l

I ( v , 
- t 

-
- ,  (3. ;~3)

In the case of consideration of the heat flux from the depths -f the earth ,
u s i n g  sup er p o s i t i o n  of s o l u t i o n s  we have

- r (s) ~-
1 ( x , 2) - — - -

~~ - ., 
- -

:1 (s t , -
In a number of cases, Instead of the geotherma l gradient it is more COaVefl-
ient to give the temperature at the depth h , which ought to be considerably
greater than the depth of propagation of negatIve temperatures. That condition
is satisfied by the data of deep we l l s :  in prac t i ce , t ( x , h )  depends l i t t l e
on the form of the relief and the conditions on the bounding surface.

As a result the task is reduced to solution of equatIon (3.4.1) for t.e band
bounded by the lines z 0 and z = h (Figure 8a) under condition (3.4.2 ) ,  and

- - a lso
I (x , Ii) ~ (x). (3 . 1 . -h

The last-mentioned task is solved by means of conforma l transformation In a
complex region.

A t first the band with the height h is conformally dep icted in a band wi th

the width TI’ by means of the transformation ~ — p + iq — ~~(x + zi) and then ,
+ iz~

using the dep&cting function v a + lb — e — e , in a h a l f -p l a n e
w i t h  a pos i t i ve  va lue  of b.
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I

~~z~O

J (i ’) ~. , 2) a Figure 8. To solve the Dlrichl c-t
problem : a - f o r  a l aye r  w i t h  the
thicknes s h in the coordinates x

- 
and z; b - for a half-plane in

8 the coordinates a and b,

The- correlation between the initia l and fina l contours is established with
the formulas:

- r -~
~ 

Ii ~-~~~- — —

IL

h 2 h ~~~ ~~~~

As can readily be seen from (3.4.5), the boundaries of the initia l band in
that case go over Into the rea l axis of the p lane v (Figur e Sb), with the line
z = 0 going over into the half-line b = 0, a > 0 and the line z h into the
half-line b 0, a < 0.

As a result , in the region t a solution of the posed problem will be

((1 , b) -— ~~~~~~ ~~~~~~~~~~~
t _) (

~ (1) - b 2  - -

where frt (a) Is the representation of the functions ~ (x) and~f1 (x) after trans-
formation in the corresponding intervals of the axis b 0. If we fi nd t(a , b)
and replace a and b by x and z we obtain a formula for ca l c u l a t i o n  of the
ini tial stationary temperature field.

In the case where 4~(x) is described by different formulas on different sec-
tions , it is necessary to find with formulas (3.4.5) the new intervals of
those sections after representation In (2) and divide (3.4.6) by the sum of
the corresponding integrals. In that case, (3.4.6) is integrated without dif-
f i c u lty and uniformly for all sections with an analogous type of ~~~~~~ Cal-
culation of such a problem is more complex If the boundi a~ surface is broken
and is done with use of a Christoffel-Schwartz trar-sfnrm .

Two-dimensiona l schemes are used dIrectly, in particular , to investigate sta-
tionary f i e l d s  in vertica l sections perpendicular to r ivers and extended run-
off belts. In the same cases, where the boundary conditions on the bounding
surface (pl ane) depend on both coordinO~~es and , consequently, determine the
three-dimensiona l temperature field , the solution of the problem is made much
more difficult. Very a~~ta4ne~ble is the case where the temperature on the
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bounding t-~~it- is irivar iahl e- w i t h  in cttr1c er~tr ic c irc I e~ ~ it h t~ d i i  I~ m d
t e n~ er~it ures I . between them , I = 1 , 2 , ..., fl . 112 t h at  c~~-~€ - ~ s o l i t  i

1
ri a t

any li t m t  of t~~e vertica l axis has the t -

I 1 h U. :) :;: I t 
~~ r I

Such temperature distr~ butions are character ist Ic - c ircu l. b- Ics : ~~~ -

closed dc-: re-ss i n s  and se:aratu e-lc-vat i i i  - on ~o-ct i - in s c-- av~ rs, - ,t fr ,

Amo~-tg the shor tcomings  of the scheme r - - :  - - b e d  h i  1 
• ~~• Red--z ib-- v i~ di,r ~ g . r  d

- f  t h i  h e t e r- -g e u e - i t y  of t he  medium and the itIte r~ 1 hea t. s”urce - .  in  -

tion , the abstract ion connected  w i t h  the  a d - :  ted S t at  ionary .cheme d-- . n (-t
take into cons idt .- r i t  ion t h e  1.er e -nn i~2 1 var i a t  in n  - t ci ima t , .~ s i resu l
which  “therma l rosp e-cting for frost ” can on l y  a1 : r- -x iL ~~tel y iri d lcat - t m
disp osition of the lower boundary of the fr -- zer ~ r- cks wit . - c tns i - h  i t  ion
- f  its dynamics in time (aggradation or degradation -- f th~ fros~ ) .

o • V . Redozub ov  ‘ s m e t h o d  has been su c c e s s f u l l y  used  r e c e n t l y  fo r  m d i  idua  1
case-s in the c a l c u l a t i o n  of the  l i m i t i n g  basin  of t hawing  -j u ~~ er  st r u c t u re :,
vh~~rc- there are  permafrozen  rock masses.

5. F or m u l a t i o n  of the  Problem of t h e  F r e e z i n g  and  Thawing  of Rocks

The -  f r e e z i n g  and thawing  of mois t  ground is a complex t h e r m o d y n a m i c  : roces .~
wh ich takes ~.1ace in a heterogeneous cap i l l ar y - i  o r - - u s  medium , T h a  r ob~~~~n
of the d y n a m i c s  of tha t process in t ime is among the most cou  lex of mathe-
mat ica l physics. The main difficulty in solving that prob lem is th e need t o
take into consideratioti variation - f the aggregate state and thermophysica l
c h a r a c t e r i s t i c s  of the  medium , as a r suit of which t h~ 1 r ’ - l ) lem becomes non-

linear, In addition , d u r i n g  f r e e z i n g ,  s i m u l t a n e o u s l y  w i t h  change of the tem-
perature field there is mass transfer caused by the movement c-f moistur • In
a consIdera bie- number of cases, when during freezing there i5 an absence of
intensiv e frost heaving connected with moisture transfer , f-- r Ir~1c tic~m 1 :ur-
poses It Is p oss ib l e  to l i m i t  the Inves t i gat i o n  of the process -~f freezing
of moist ground by calcu lating its therma l regime with cons i i  rat 1 -n of t h e
phase t r a n s i t i o n s  of water.  By v i r t u e of the fact that , de1 e i i d in g  a r t  the-
physica l I rol ert ies of the g r o u nd , phase  t r a n s i t i o n s  can occur both comp l e - t ly
at the freezing temperature (coarsely dispersed soils) and also In the 51 cc-
trum of temperatures (finely dispersed), two formulations of the 1 roblem of
freezing without consideration of migration are possible .

We will examine separately t h e  mathematica l formulation of each of those
problems. For simplici ty we will examine a two-p hase  med ium (one mobil e in-
t e r f a c e) .

Here and henceforth by a phase is understood a zone , the number of mobile in-
terfaces always being assumed to be one- less tha n the number -f phases. The re—
fore by a single-phase problem will be understood ~i problem in a region with
iu~ obiie boundaries in t b -  absence of phase transitions, A case where the rt

i - one phase ~~I one or two boundartes of the region -f investigation are
mob i l e  (for example , the  p r o t l em of a b l a t i o n) , i~; a particular case of the
corresponding m u l  t iphase problem.
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1) Formulation of the Problem of the Freez ing (Thawing ) of Homogeneous  S o i l

~ tth the Formation of an interface (the Stefan Problem)

During transition of the ground temperature through the critica l va lue there
is a sudden change of the phys ica l state of the ground. On the s u r f a c e  where
phase t r a n s i t i o n s  oce’ur ( the  m o b i l e  i n t e r f ac e )  the m e l t i n g  (solidification)
tenTperat~ re Is always preserved whIch wi thou t l i m i t a t i o n  of g e n e r a l i t y  can be
coasidered equa l to zero.

It is assumed that dur ing movement of the interface the heat of phase trans-
formations of water 

~~ h~ 
is completely released. In each of two zones (the

upper is limited to th~ plane z 
= 0 and the lower from below to the plane

z — £) the sought temperature distribution function s in the two zones t
1

(z , t)
i — I and 2, satisfy the Fourier condition , the boundary-value conditions being
given.

The thermophysical conditions in the two zones -- the therma l con d u c t i v i t y  A ,
the therma l conductivity a2, the moisture w and the density Y -- are constant
and given. During transition through the interface the thermophysic a l con-
stants change suddenly. The change of density of the heat-conducting med ium
Is disregarded and processes of convection and radiation are not taken into
cons iderat  ion,

The ma thematica l formulation of a unidimensiona l Stefan problem in t he  case
a two -phase homogeneous medium is as follows (Tikhonov and Samarskiy, 1966).

In each zone the process Is described by a Fourier equation:

- t L~~~ a 
t ( : ~~~ l 

~~~~~~ 
()  -(2  ( t ) ,

- 
I -z 2

~ H~~~: (
~~; 

~~ ~~~
- -t ~~(t) <z - .~ 1

w i t h  the b o u n d a r y  c o n d i t i o n s  (in the case of the  f i r s t  boundary-va lu e p r ob lem)

~1 U I , -t ) i1~ ( t h

1~ I Z , 0) 
~ 

( z) ,  i~ i [ 0 < z  - -T~~ 1W.

2
( 1 . i) ( I I , ( 1. (3 . -~~

3 i~~
(_ ’, j i  -~ ( 2 ) ,  rJpIi ~(0) — — z — ( l,

- 
1) .

The following conditions are fulfilled on the mobile interface z

11 L )L). t i  I , l ~ J t ). L 1 I ç~ 0, ( .~~. .) .1)

) ) (~l I~- z ~ 
.2 z

Q
~ ph

The subscr ipts I and 2 relate to the solId and liquId zones respect ively, and

~ph 
Is the heat of phase transformations of water in one cubic meter of ground.
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C o n d i t i o n  (3 .5. 4) , which de te rmines  the  rate of advance of the front , does
not  de 1-e-nd on the  course of the process of f r e e z i n g  or t h a w i n g  if on the l e f t
side the first term corresponds to  the f l u x  in the- frozen zone. In calcula-
tions of the seasona l freezing or thawing the depth of the annua l t emp er a t u r e
f l u c t u a t i o n s  u s u a l l y  is considered to be ..

in  such a f o r m u l a t i on , the- prob l em , In sp i te  of the  l i n e a r i t y  of the equa-
t i o n s  of therma l co n d u c t i v i t y  in e-aCh of the zones , is classed as nonlinear
i - i the sense of conditions on the m o b i l e  interface (Stefan , 1889).

T h i s  is of enormous Importance from the point of view of finding a solution
in varIous conditions , since in the nonlinear problem it is Imp oss ib l e  to apply
the method of sup er:osItlon of s o l u t i o n s . In connec t ion  w i t h  t ha t , any  change
in the boundary conditirn s leads to a need for repeated solution of t he  problem
in c orn 1 lete volume. Thus , for example, the problem of freezing at the tempera-
ture at the surface , representing a superposition of severa l oscillati on s, can-
not be solved in the form of a l inear combina t ion  of corresponding solut ions
for each of the oscillations .

In calculations of seasona l or permanent freezing (thawing) the process , as a
rule , is reduced to a multifron t problem . In t ha t  ca se the  S t e f a n  problem is
w r i t t e n  in the  following manner, Let at ‘~~ 

= 0 there be an n-phase medium ,
n ~~ - 2 . In tha t case the number of mobile- boundar ies  Is n - 1. In each of the
zones (1 = 1 , 2, ... n) the following equations are examined

if -- , ~~~. (i) -- : .
~~~~~~(i). ~:-.0 (3 .5~~)

under  the g iven  boundary c o n d I t i o n s  (on Ininobile boundar i e s  t
1

(O , -r) = $ (-r ) ,
r($ , t )  = 4~ (c)  and the i n i t i a l  conditions t

1
(z , 0) — d~1(z ) ,  

~~~~~~~~ 
<0z

where ~~~~( r )  0, 
~~~~~~ 

~~, and !
i l
(0) ‘-

The following conditions are fulfilled on mobile interfaces

( r L  TJ f~ (th -L I 0, (%~~.6)

- !~. 
~~~~ 

~~ - 

-

~ L (t )  
I) - c? .~ (t)- (3 51)

If the first Is a zone of thawing , then in the last-mentioned condition the
ri ght side is taken with the opposite sign.

2, Formulation of the Problem of Freezing (Thawing) of Rocks With Considera-
tion of Unfrozen Water (With the Formation of a Zone of Freezing )

In rea l soils free moisture freezes at a certa in temperature nea r 0°C, and
combined freezes in a certa in range of negative temperatures in accordance
with the curve of unftozen water (Figure 9). WIthout limitat ion of generality
one can consider 0 C to be the temperature of the start of freezing .

During freezing of the ground a zone of freezing forms in which , sid e by sid e
with water unfrozen at the given temperature , there also are ice crystals .

64



- __ . A -’~~~~~~~~ - ..~~~~~~.. - — - -

- ~~~
-
‘ - - - - — .- - - 3

A --
- 

-- - - - J~. ----
~~

- Figure  9. Curves of freezing (ici- _Con-

_ - - -- -
~~~~~ tent) (1) and thawing (2) of ty1 ical

‘
‘
- 1  >—~ - dispersed rocks accord ing  to Z. A .

- - ~-_ _ ? N ers e-sova : a - sand ; b - loam;  c -

-
~~ 

~~~~~ 
c l a y  A — I c e— c on t e n t , 7~

The i n t e r f a c e  of tha t zone w i t h  thawed rocks is t h e  zero i s o t h e r m , tha t  is ,
the  m o b i l e  I n t e r f a c e ,  In the zone of f r e e z i n g  there is  a c o n t i n u o u s  r~ l ea s e
of the hea t of phase t r a n s i t io n s  of wa te r  in a q u a n t i t y  : - r - i 1 . r t i o a a l t o  the
t a n g e n t  of the a n g l e  of lnc l i i i at i o n  of the  curve of ice f o r m a t i o n  1( t )  to thu. -

a x i s  of temperatures and the rate of c o o l i n g .

Thus in the f r e e z i n g  zone there are continuously d i s t r i b u t e d  hea t sources:
El , - -I

ii) (z , t)  Il — — 
-~ 

- 

-

(the der ivation of the formula is presented it~ the book of V . S. Luk’yannv and
H. D. Golovko , 1957). Here = 80,000 kcal/m is the- freezing hea t of 1 cubic
meter of water.

The s i t u a t i o n  Is s i m i l a r  dur ing thawing .  It is essential t h a t , s ince the ice--
content Increases with lowering of the temperature, l ’ ( t ) 

~
— 0.

At the same t ime , on the Interface , where the temperature is alwa ys constant
and equa l to that of the start of phase transitions , there are phase- trans-
formations of free water similar to that described earlier during cons idera-
tion of the Stefan prob lem. If the natural moisture of the ground is equa l
to w, the amount of free water Is equa l to w - wun(0)~ 

where w (t) is the
unfrozen moisture at the temperature t , when t ~ 0,

Thus , in the case of freezing (thawing ) of the ground in the spectrum of tern-
peratuces the thermophys ical characteristics In both zones change suddenly
during transition through the interface . However , in the freez ing (thawing)
zone in the given case the thermophysica l characteristics depend substant ially
on the temperature*.

Thus , in the case of freezing (thawing ) of the ground with consideration cif

phase transformations of the unfrozen water In freezing zones , the tempera-
ture field is described by a quasilinear equation .

~1n that case it is assumed that during change of the Ice c on te n t  the amount
of unfrozen ~~ter rema ins practically unchanged.

- 
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For the case of freezing o~ the ground in the spectrum of negative tempera-
tures the mathematic al foriaiimtion of the problem has the form (the first
zone is ass~.nned to be f ro z en )  (Dost-~va 1ev and Kudryavtsev , 1969)

C~
(:. tI - ~~-~ —- -- - -  .t (.’t )~~~ L.j 

U - : - ’ ii )  ( 3 .  --

1.. ( z . t i  

~~~~H~~~

-

~~~~~~~~~~~~
H- ~~~~~~~~~~~~ 

j ( .1 3 H

On the mobi le ln~ erface

~ il , L I  
j 1 , 2, I I M -

( i i , I II  
~~ L( ’ I I_ t

~~ ~ (~, ,  ( I f (i). 3 .~ . !
-
. ~~~ ~~( t )

Here .X (z , t) Is the therma l conductivity of the ground in the freezing zone
at the temperature t°C and the sununary moisture (t), ~

(t ) v~w - w
un
(t) +

+ w~ (t), v Is the coefficient of volumetric exp ansion d u r i n g  the f r e e z in g  of
free°water , ~ h 

— M[w - w (0)] is the hea t
3
of phase transitions of free

water during ~ the freezin~~~(thawing) of 1 m of rock , C1
(z , t) is the effec-

tive heat capacity in the freezing zone and )~~
(z )  an d C

2 
(z) are the th€rma l

conductivity and heat capacity respectively o~ the thawed ground in the Stefa rt
problem. Here and henceforth one has in mind  the moi s tu re  content  of the
ground by volume .

6. Brief Survey of Particular Solutions of the Stefan Problem

The first attemp t to solve the problem of therma l conductivity with consid-
eration of release of the heat of phase transitions on a mobile interface was
made by Lame and Clapeyron (1831). They examined the prob lem of the cooling of
en o r i g i n a l l y  fused homogeneous sphere at zero temperature on the surface with
referenct. to the solution of the question of the solidification of the earth.
The depth of freezing of thegroUnd was ca lcula ted f or the f i r s t t ime by ZahI-
schutz (1862), who obtained a very simple formula in the case of a zero initia l
ground temperature. That fo rmula  later became known as the “Stefan formula.”

The Austrian mathematician Stefan (1889) made an enormous contribution to the
solution of the problem which later wa’s named for him. In particular , he is
credited with a rigorous solution of the self-modeling problem for a semi-
restricted homogeneous medium (“the classica l Stefan problem”).

Later , starting from practical needs, approximate methods of solving the Stefan
problem rece ived intensive development, An important role was played here by
the first method of L. S. Leybenzon (1931), used by him t o solve the probl em
of the time of freezing of an oil p ipeline. It was used later by S. S. Kov-
ner in calculating the time of freezing of spheres , A. A. Charnyy (1940) to
calculate the freezing of the ground around a well , and also by M. H. Krylov
(1934) and others.

Of great Importance from the po~int of view of practica l use is the forim,~la
proposed by V. S. Luk’yanov and nomographed by M. D, Golovko (1955), in which
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heat cycles on account of hea t capacity in the frozen zone and warming of the
sur face  of the ground by means of insulation were taken into account.

In the Dep artment of Geocryo log ’.’ fo rmulas  have been developed for  calcula t -
ing the depths of f r e ez i n g  and heat cycles during periodic temperature- fluc-
tuations on the surface of the ground (Kudryavtsev and Me lained , 1963 , 1965),
wh ich are- examined in detail in Chapter 4.

An enormous Influence was exerted on the development of the question and the
solution of theoretica l and practical problems connected with the freezing and
thawing of the ground by analog computers , of which one should note first of
all the hydrau l ic integrator of the system of V. S. Luk’ yanov.

The solution of single- and multifront Stefan problems in genera l form under
arbitrary boundary conditions has been widely developed -- by L. I. Ruben-
shteyn (1947), V. C. Melamed (1957), F. P. Vasil’ yev (1964), A. B. Uspens ki y
(1968) , etc. In addition , methods of solving the self-modeling problem In
the case of freezing and thawing of ground in a range of temperatures have
beensubstantlal ly developed (Melamed , 1963). However , because of the complex-
Ity of the problem it can be solved with the enumerated a lgorithms only by
using electronic computers.

7. Solutions of the Stefan Problem

1. Solut ion of the Classica l Stefan Problem

The cLa ssica l Stefan problem Is the name given a very simp le self-modeling
problem of freezing and thawing in a homogeneous isotrop ic medium under con-
stant boundary conditions, It is assumed tha t the temperature on the surface
at ~ 0 + 0 changes instantaneously and becomes equa l to a constant different
in s ign* fros. the initia l distribution. In that case a mobile Interface ap-
pears, the rate of advance of which (side by side with the temperature fields
in both zones) is subject to determination.

Under the indicated conditions the problem of freezing (thawing) Is reduced
to solution of equations (3.5.1), (3.5. 3) and (3.5.4) under the boundary con-.
di tions

11 ( I ) , - t)  - cori~t - 
(3 .7 1 )

, 2 (~~
, 0) ~

- T2 coust , z >0, ~ (0) 0.
- 

(.1 .7 2(

In the case of freezing T
1 
< 0 and T

2 ~~
- 0 + 0, and in the case of thawing

> 0 and T
2 E 

0 - 0,

A solution of the posed single-front problem is found in the form (Tikhonuv
and Samarskiy, 1953)

*The temperature of the phase transformations of water Ia assumed to be zero.
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where A , and B., i = 1 and 2 , are unknown constants , and
Is th~ ~ntegra ~ of e r ro rs .

It is obv ious tha t the functions t.(z, c), i — 1 and 2 , satisfy the- Fourier

equation . If we substitute tjz, ~~~~) in (3.5.3) we obtain

.i~ JJ~ t~ I ( ‘ (tI ) 0 ;~ /1.~er~ ( ~ 
) 0. (3. 131

The conditions (3.7.3) are fulfilled at all values of -C, which is possible
only  upon the condition

: 1 1 )  - t~ Vt . ( 1 7 4 1

where A is a certalr ecr~gtant.

In the f inal account the solution of the problem in the case of freezing Is
reduced to seeking the root of the equation , which flows from (3.5.4):

- 
II

- 
J~~e - 

-

2 z ~ 5 ’ - 

e2 { Z - -_ crE
(

--
2
~ 

~~~~ 

— Q~i~ ~ - (.1 .7 3 )

The- existence of the positIve root of that equation when the signs of T
1

and T2 
are different follows from the fact that dur ing change of from 0 to

m its left side continuously varies from -~~~~~ to + n  and its right from 0 to
-m , The singularity of the root flows from the fact that both the left and
right sides of (3.7.5) are monotonic functions of S. On the basis  of tha t ,
P can be r e a d i l y  found by the method of se lec t ion .

The self-modeling multifro nt problem Is examined quite analogously . Proof
of the existence and singularity of the solution of that problem were pre-
sented in L. I. Rubenshteyn ’s well-known book , ‘~~‘roblema Stefana ” [The Stefan
Problein j (1967 .

in addItion , If it is assumed that the curve of unfrozen water has a l inear
f orm, the prob lem is reduced to the classical . Upon such an assumption the
effective heat capacity remains constant. It Is obv Ious, however , tha t such
an attempt to take Into consideratIon the phase transformatIons of water is
restrictiv e from the practica l point of view. At the same t ime, approximation
of the curve of unfrozen water by severa l links of a broken line leads to a
system of transcendental equations. the numerica l solution of which is ex-
tremely difuicul! In practice.
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2, Approximate Solutions of the Stefan Problem

A. The Ste-fan Formula for Determining the Depth of Seasona l and Permanent
Freezing (ThawIng) of Rocks

In connection with t h e  f a c t  t h a t  the numerica l s o l u t i o n  of t r a n s c en d e n t a l
equation (3.7.5) presents some difficulties , for rough approx imate calcula-
tions a formula often is used whieh in the literature Is called the Ste-fan
formula (first derived , as Indica ted above , by Zahlschutz).

We will examine the freezing of a semirestricted homogeneous med ium present
at the temperature of phase trans itions t(0) = 0. At the initia l moment of

t ime the temperature T
1 

0 is given instantaneously on the surfac& and Is
later kept constant.

For maximal simp lifica tIon It is assumed that the temperature distrlbutio i
in the upper zone Is subject to a rectilinear law. Hence it follows that at
any point of It (including on the Interface from the direction of the upper
zone) the heat flux is equa l to A

1
(T

1/ ~ Cr)), where ~
‘(t’) is the depth of

freezing at the arbitrary moment of tfme ‘~~~~.

The assumption tha t In the lower zone the temperature is constant and equa l
to 00C has the result that the heat flux from below toward the interface at
any values ‘C’-’ 0 is equa l to 0. Then the Stefa n condit ion will assume the
form

± ~- I  -
~~~~~~ ~~~~ (~

)

The minus sign app lies to the case of freezing and the plus sign to thawing.
Consequently, if we integrate with respect to -t from 0 to an a r b i t r a r y  t (in
tha t case ~ varies from 0 to ~ 

(t ) ) , we obta in 
0

(-r ,) a V T 0, (3.7.6)
where

CL ~~~~

The obta ined expression can be rewritten differently in the form

~ I ~~~~~~~~

where C~ — T 1T 1 1 is the sum of the heat or frost degree-hours.

it is obvious tha t in practical ca lculations , especially when T2 ~ 
0, the

results obtained with formula (3.7.6) wIll be consid erably overstated. Never-
theless, because of its exceptiona l simp licity that formula is often used in
practice in ~stiinates even in the case of a variable temperature at the sur-
face. For that it is necessary only to determine the value of fl on a seasona l
temperature diagr- -m . The calcula tions with (3.7.6) can be simplified somewhat
if data are ~~~~~~~~~ on the depth of freezing (thawing) for a def inite year
on a specific area bare of snow cover. Actually , let Q — C)

1 

and —
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be known for tha t year. Then for any other  year when ~1 ~ 2
the corre .-~~~n d i n g

h~ th of fri-ez ing (thawing) on t h e  same- are--a can be found in accordance- with
(3.7.7) in the form of . 

, /

B. Determination of the Depth of Seasona l and Permanent Freezing (Thawing)
of Rocks by the Leybenzon Method

The idea of the method , based on variationa l princ iples , Is that the tempera-
turt- distribution In both zones is given In a very simple form but one satis-
fying the boundary conditions of the problem. Then by means of the Stefan
c on d i t i o n  an e q u a t i o n  Is found which describes the change of the interface

~ 
(-C).

The method under consideration is especially effective with reference to the
Stefan problem because the heat cycles occurring on the phase transitions
considerably exceed the imprecislons in the heat cycles a r I s i n g  dur ing  dis-
to r t ion  of the tempera ture  f i e l d  w i t h in the zones . The tempera ture  d i s t r i -
bution functions in the two zones are selected in a very simple form so that
the Stefan condition may be integrated in an explicit form.

We will examine an approximate solution of the classica l Stefan problem, de-
scribed by (3.5.1) under the conditions (3, 5,3), (3,5,1), (3.7.1) and (3. 7.2)
by the Leybenzon method for a semirestricted rod. The temperature distribu-
tion In the two zones is assumed to be the following:

p —

~L (-3 ~ 
) 

~ 
f - - -  1 —  

)

T. ii -

~-~i ~~

It is obvious tha t when the value of f is f ixed the runct ions t
i

(z , ‘V) , I

— I -3nd 2, satisfy both the equation of therma l conductivity and the corre-
sponding boundary conditions. It also is obvious tha t

- 
1_

I.. - 
= 

7~- . 
— V _ i _ _ . t

As a result the Ste-fan condition in tll*t case will assume the form (the upper
si gn corresponds to freezing and the lower to thawing)

~~~ 
— / 

l~~

’ 

~~~~ ) ~~ : ( 3 7  ~

A solution of equation (3.5.1) under the condition ~~(0) 0 is

)
~ V~. ( .1 . 7 .~i)

where ~ -- a constant -- is a positive (in the physica l sense) root of the
quadratic equation to wh ich (3.7.8) is reduced upon substitution of (3.7,9) :

I / ‘
~ i/ -

~~~~ ~
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As a result , if we take- Into cons i d e - r a t  Iofl the si gn s of T
1 
and T

2 
dur ing

freezing and thawing , we have

— 
/ ~ - -

~ - - - 
r~ 1 

- 7 1 1 1
2. Q .  ~

It is obvious tha t the obtained solution is a generalization of the abov e--
considered Ste-fan formula. Therefore , as was to be expected , in the :-articu-
lar  case at  T 0 the St e fan  f o r m u l a  (3. 7 .6) follows from (3.7,10). A t
I ~ 0 the va’ue of ~ is known t o be smaller than tha t of Q’~ de te rmined  w i t h
(3.7.~~. T h i s  agrees w i t h  the phys ica l ~~ic ture , s ince  at 12 ~ 0 movement of
the In t e r f a c e  is hindered by the flow of hea t from the lower zone , which is
a function of T

2.

Using the Leybenzon method , one can obta in a n a l o g o u s l y  an approx imate solution
of the problem of the rate of freezing (thawing ) and the- dynamics -~~~~ the tem-
perature field around an Infinitely circular cylinder , on the walls of wh ich
a constant temperature T~ is mainta ined. This task is of cons ide rab le  interest
in the approximate calcutation of the radius of freezing columns , basins of
thawing around underground p ipelines , etc. For simplicity we will examine the
case where the temperature of the ground around the cyl inder at the initial
moment Is equa l to the temperature of the start of phase transformations I .
As is known , the dyn amics of the tempera ture f i e l d  a round  an i n f i n i t e  c yl i ~ der
in the axisyi~~etrlc case (in that case the temperature depends on only one
coordina te -- the radius r) is described by the equation

- I t ( ’ ; T ) )  ~~~~~~~~ tL (~ .7 II )

in the regi on r r ~~- R(t),where R (t) Is the radius of freezing (thawing )
of the ground ground the cylinder and r is the  cylinder radius. It can
readily be seen tha t In the given case tf~e Ste-fan condition has the sa~~ form
as In the above-considered case of a rod . As in the Ire ceding r-hlei n , we
will assume t(r, C) in the following form

p p
T~ Tn — I’

~ 
In 

kIt)
t ( r , - t) - .

1.’ 1)
~1I -

in that case t(r, t’) satisfies (3.7.11) at R (r) = constant , and also the boun-
dary conditions t(r , f) — T

1, 
t(R (t), 1) — T .  The sought connection between

the time ~ and the position of the interface R(t) has the form

- i ’ ( t )

~~~~~~~~~ 
-
~~~~ 

i- ( 
, , _  

— ) ,  (3 .7 L)

where

F( s) ~~
‘ In s--- 

1 (s~ ~
)

The solution of transcendenta l equatIon (3.1.12) presents no difficulties , As
a resul t, for any specific conditions , (that Is , at given values of r , A, Q
and T

1
) we obtain from (3.7,12) at each fixed t ime of freezing (thawing) th e -
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c- ’rr cs 1 o n din g  v a l u e  of the basin of freezing (thawing ) ground . It can rL-~ d i ly
be seen tha t the use of the obt m e d  ap p r ox im at e  solut ion , because of neglect
of the second Ihase , gives under specific conditions a result with some reserve ,
the amount of which increases with increase- (In the absolut e value) of the
m i t  ial temperatur - of the ground. Let us note that in the case- of freez ing
-r thawing around a spherica l source the prob lem is readily reduced to the
above-considered problem for a rod with substitution of v rt (r, ç). In tha t
case-, however , the- boundary conditions become 1 r - 1 rtiona l to the valu - of r•
In jractice in (3.17.12) it Is more convenient to give R and find t.

C. V . S. Luk ’yanov ’s Formula fo r  D e t e r m i n i n g  the Depth  of Seasona l Freez ing
(Thawing) of Rocks

An important shortcoming of the above-considered formulas is neglect of h e a t
capacity In the upper zone. V. S. Luk ’yanov has ~ro~ osed an approximate for-
mula which considers both the Indicated factor and the presence of spontane-ou~
warming of the su r f ace  of the ground (snow cover and various insulating cover-
ings). The formulation of the problem in that case differs from tha t considered
above also by the fact tha t the lower zone is discarded and its inf1u nc~ is
re-placed by the heat flux q from the bottom toward the interface . I he- therma l
Insulation of the surface of the ground is replaced by the introduction of th

therma l resistance of the insulation (without considering the heat ca:-acity) .

In that case both the value q and the therma l resistance of the insulation
are assumed to be constant during the t ime Interva l under consideration and
equa l to the average va lues, In addition , taken into consideration is th~
coefficient of heat transfer from the surface , assumed to be constant (equa l
to  20 kca l/m 2 x hr x degree).  In connection with tha t, in the cal~ ulatioa s
use is made of the thickness of the layer of ground S , in meters , t h t  t h e rm a l
res i s t ance  of which is equa l  to the sum of the therma l r e s i s t a n c e s  of t h e -  in -
sulation layer and heat transfer f rom the surface- . The tent1 eraturc distribution
in the upper zone Is assumed to be r ec t i l  in ~~a r  and the surface temperature t o
be constant .

Since under those assumptions the 1 r - l - 1e -m is reduced to a transcendental equa-
tion , M. D. Golovko prepared a grid non -gram which makes it possible to readily
find its solution with a Ire-c is ion adequate for  p r a c t i ce -. Usually in  ca 1cu l~~-
t ions with the formula of V. S. Luk’yanov , in designatIng the heat f lux- ~vcraged
fo r  the period , f r o m  the lower-lying Iav rs to the i n t e r f a c e , a map of isolines
compiled by the authors on the basi-~ of the 1 r oce s s in g  of b ag-term data for
a large t e r r i t o r y  of the USSR 1, ~~ed, The procedure of calculations with that
formu la was examined in detail In the- wor k of V. S. Luk’yanov and M. D. Golovko
(1957). In sp ite of all the va lue of the formula of V . S. Luk’yanov and M.
D. Golovko for engineering calculations , some indef initeness in the d e s i g nat i o n
of the flux from below to the Interface- I s  an Impor tan t  sh - ’r t c o m i ng .

8. SolutIon of the Problem of Freez ing and Thawing of Rocks In th~ Spectrum
of Negative ‘I emperatures

Because of the dependence of the thermophysical characteristics of the medium
on the temperature the solut ion of tha t problem during arbitrary boundary  con-
ditions encounters serious mathematica l difficulties and requires considerable
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expenditures of machine t ime. A widespread and very effective means of in-
vestigating such nonlinea r prob lems of mathematica l phys ics Is self-modeling
solut ions. The latt~.r are important not so much as particular solut ions of
the class of 1robleln s under consideration but mainly as an instrument for the
investigation of the ma in regularities of the j-rocess , determination of the
degree of influence of given parameters on the procedure of solut ion , etc.

A very simp le self—modeling solution of the problem of freezIng and thawing is
the above-examined (section 7.1) solution of the classica l Ste-fan prob lem.

In the formulation of a self-modeling problem of the Ste-fan typ e- (3.5.8-3 .5.11)
with consideration of phase transformations of water in the temperature ra nge ,
as in section 5, the following conditions necessary for the fulfilment of self-
modelIng are assumed :

a) the examination is conducted on a homogeneous semirestricted r d  z -~ 0;
b) the boundary conditions are constant.

~ e- will consider a self-modeling solution of the following robiem --1 fr~ e~~ing
in the nega t ive t emp era tu re  range :

~ 
~- 1) ~ ‘~~~~

. ) 
~ I )  p 1fl ( i- S II

I I  -. I ) )  — — (I . 1). E l  — — 
. 

~
• ‘I

-~ - ( I
~~~~~~I 

ci - 
I- ~ -~ 

1)
I . - ~. ( T ) ,  -) -~ : ( t )  ~O

I ~ (t) . -
~~ ~~I) . ( ) ~ S

Here C(t) is the effective heat capacity of th  medium , C( t ) C
1
(t) + F(t),

C (t ) ~ constants -~ 0 is the additive hea t capacity, F( t ) is the intensity -f
iAterna l sources on account of phase transitions of water , F(t) ~ 0, ~A (t) ~
~ constant > 0 is the therma l conductivity of the medium , where C(t) and )t(t)
are continuous and continuously diffused function s respectively; T and T

1 
are

constants , and T ~ 0. At t -> 0 by virtue of F(t) ~ 0 we have ~~~~ ~ 
) .
~ 

and
C( t ) C , where A and C are constants —~ 0 are the characteristics of°thawed
ground. °The upp er°sign o~ the left side of (3.8.3) corresponds to the case
where the first phase is frozen and the lower phase Is the thawed phase.

The prob lem under cons ideration also has meaning at 1
1 — 0 If T — 0 - 0 sg~ 1(in the opposIte case the Stefan prob lem Is reduced to the equahon of therma l°

conductivity*), In that case the problem degenerates into a single-phase (one--
zone ) problem of the Ste-fan  type and its examinat ion is correspondingly sim-
p lified in comparison with the case T

1 ~

In certa in works (Me-lamed , 1963 ; Bachells and Me-lamed, 1964) the existence and
singularity of the self-modeling solution (3.8.1) - (3.8.4) are demonstrated ,
such th a t

*sgn T designates the sign of I. In traz.en ground I - 0 and sgn T 0 
— -1.
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The examination is made separately for the cases of thawing and freezing.
As a re-~ult of the investigation , effective algorithms of numericol integra-
tion a r e  pr op osed  which make it possible to obtain , with slight limitations
of the characteristics of the- medium , a solution of the corresponding rub-
le-ms with any prescribed precision. It follows directl y from the singularity
of solution of the initial problem of the Ste-fan type under cons ideration
(3.8.1 - 3,8.4) , demonstrated , in particular , by F, P. Vasll ’ yev (1964), tha t
the thus-found self-modeling solution is also the sought solution of the sys-
tem (3.8.1 - 3.8.4) under the given boundary conditions, Simila rly to sec-
tion 5 we seek the  f u n c t i o n  41(p ) and ~ cons tan t  — 0 such tha t t (z , t) =

where = ~~~.l/2 and also 
~ 
(C) ~~7~~are a solution of (3.8.1 - 3,8.4).

In tha t case the system (3.8.1 - 3.8.4) assumes the form

(p) I 1 4  1 
-
~~ ( / 1 )  b (- I ~~ , P ~ (I . I I

(1) T0, 
~ 

S I )

I T1.

~ (0 - (II - (I) . ~. (1) 0) p le Q~~. (
~~~ 

- )

Ihus the problem under cons ide ra t i on  is reduced to  a non l inea r  l im i t i n g  ( i n
the - sense of the  co n d i t i o n  for o) boundary problem , fo r  the numer ica l integra-
tion of which it is necessary to investigate the asymptotic behavi r of the
integra l curves.

In connection with  the f ac t  tha t 4)’(p) undergoes a discontinuity, determin ed
wi th (3.8~.3) during the transition of 4) th rough  zero , the procedure of solu-
t i o n  of (3.8.1) must be examined separately at 4) < 0 and 4) > 0. In finding
the s o l u t i o n  i t  is necessary that only va lues of 4)’(O) be given which satisf y
the cond i t ion

( I )  s~’ It  - I .

in consider ing the reverse function one can readily be convinced that 4~~) isa m o n o t o n i c al ly  increasing continuous function of ~( • An Imp ortant ro le  i~
;

played in the investigation and solution of system (3.8.5 - 3.8.8) by t h e
majorant and minorant (3.8,5).

The equa t ion  of the curve 4) (p) majorizlng (3.8.5) under the conditions 4)(O) —
4) ( 0) ,  ~~‘(0)  —~~~‘(0) has the form

~~~~~
. ‘ (,) b~~’(p)p 

(1 , I- i -~

where a and b are cons tan ts , a — max and b ~ (0, mm 2~c~
t
t

)) ). In the

C_~~~case of the  m i nor a n t  a — mlii —
~~

— , b — max 
A (t ) 

+ and ~~ > 0.
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S inc e (3.i.9) is integra ted in explicIt form It is possible t --  determIne

directly the deviation ~~ 0) at which the minorant (~sajorant) sa~~
isfi e--s con-

ditions (3,8. 6) and (3. 8.7). I t  Is obvious that the integra l curve (3.8.5)

of 
~
‘(1 ), which satisfies 4)(0) = I and 4) (0) =~~~‘(0), Is known to intersect

the straight line 4) = T • To fInn a solUtion of (3.8.5 - 3.8.7)  w i t h  the
prescribed preclsi --a ~t is sufficient to construct the integra l curve

(3,8.5), (2.8.6) and (3.8.8) 4)(p), satisfying the conditinn~

.:))  ~~i -  ~~

• I I ) - ;  
-

- I ~~- 1

This is explained by the fact that 4)(p) at p >Y (E/2) does not intersect either
4) . T~ or ~1 11 + £72. There fo re , s ince-  the integral lines (3.8.5) at 4) - 0
and 4) — 0 diverge with growth of p,  the sought solutioa is known to differ
f rom 4)(p ) by less than  1/2. in p rac t ice  the so lu t ion  of (3. 8. 5 - 3 .8. 8) is
found with the precision ~~~‘ by changing the value of ~ until the corresponding
solution of (3.8.5) , (3.8.6) and (3.8.8) does not satisfy the condItion

-

~ 

- ‘ 1

The region in which there Is the single sought va lue of ~
( is limited to the

point s of intersection of the m aj o r a n t  and  m i no r a n t  r e sp ec t i ve ly  of (3,8.5 -

3.8.8) with the axis of abscissas. In that case if

the valu e of ~ decreases or increases respectively . The proposed algor ithm
for numerica l integration is readily accomplished with any class of electronic
computer , and also with continuous analo computers. Let us note that if we
find as a result the solution of 4) (z/ 

~~~~~) 
and D(with the prescribed precisi on

we obta in t(z, V) and ~~(t) directly at any values ~~~> 0 and z -
> 0.

Let us note that the algorithm under consideration has been used for the gen-
eral problem of harden ing, when besides discrete phase transformations at t = 0
phase transformations occur continuously at all t ~‘ 0. Such a problem Is of
interest , for example, In examining fusion with consideration of metamorphic
reactions , problems with recrystallization , etc. However , in the case of
thawing and freezing of finely dispersed rocks the solution is simplified some-
what, since at t - 0 equation (3.8.5) Is integrated In exp l icit form. This
applies espec ially to freezing, where a ~uasilinear equation of thermal con-
ductivity occurs in a limited region p f(o , x). If the simplic ity of finding
a self-modeling solution of the problem is ta ken into consideration , by means
of it it is possible to readily determine the different regularities of the
influence of phase transitions of unfrozen water on the course of the process
of freezing (thawing) of finely dispersed rocks and on the basis of them correct
the results of calculations of the corresponding Ste-fan problem.

However , the obta ined results of investigation of the process of freez ing and
thawing in the range of nega tive temperatures by means of a self-modeling

~ 1ere , as above, th e upper sign corresponds to freezing and the lower to thaw-
ing.
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problem do not in any  way exclude the need to solve such a pr oblem unde r
a r b i t r a r y  bounda ry cond jIfl- , T h i s  appl ies  pr i mar i l y  to the  case of p e r i o d i c
t emperature f luc tua t ions  on the surface , since under na tura l conditions the
process  of f r e e z i n g  is rep laced by the  process of t h a w i n g . Such a sequence ,
in accordance-  w i t h  the ind ica ted  r e g u l a r i t i e s  of fr e e~- log and t h a w i n g  in the
temperature range , In the course of t i r e  leads  to increase  or divergence s in
comr (rison with the solution of the Ste-fan problem .

At the present t ime a solution of the quasilinear Ste-fan-type prob lem under
consideration under arbitrary boundary conditions and pa rameters of the prob-
lem is possible only with electronic computers. There is a considerable num-
ber of different methods of solving the unidimens iona l problem of freezing
(thawing) with consideration of phase transit ions in the temperature range.
One of the most effective algorithms for the solution of a quasilinear problem
of the Ste-fan type is the method of front capture in a network grid (Vasil’
yev , 1964). The idea of it Is tha t by means of Iterations a t ime interva l 15

sought dur ing which the front is shifted under the given conditions by one
step of the t h r e e - d i m e n s i o n a l g r id .  U n f o r t u n a t e l y,  tha t a l g o r i t h m  is in pr in-
ci ple inapp licable In the case of a not strictly monotonic motion of the front
( i n  p a r t i c u l a r , when It is in i ts  l i m i t i n g  p o s i t i o n ) ,  and  a l so  in a m u l t i f r o n t
problem . The solution of the latter problem , under the condition tha t the
number of fronts is Invariable , can be obta ined by the method of front recti-
ficati on (Uspenski y,  1968). In tha t case each zone In each step in time is
transferred Into the segment (0, 1), in connection with which the therma l con-
ductivity equations are made considerably more compl icated. Solution of the
multifront problem by sinooth~ ag out the coefficient s Is somewhat more converi-
lent. In that case the disci-ete phase transitions which occur at the tempera-
ture of the start of freezing are “spread” over a certain temperature range
( i n  tha t  case the S t e- f a n  c o n d i t i o n  i ,  exc luded) .  In p r ac t i ce  in such an ap-
~roach the entire process will be described by a simple quasilinea r equa t ion
of therma l conductivity with complex coefficient s (substantially dependent on
temperature). This leads to a need to use iterations , the convergence of
which worsens when the fronts are brou~l-It closer together.

A rather simple and effect iv’-~ method of solving a quasillnear task of the-
Ste-fan type is the method of stra ight lines (the Rote method ) (Bachelis and
Me-lamed, 1971). In tha t case the I n v e s t i g a t e d  t ime Interva l is subdivided
into t ime layers with a definite step and the derivative in t ime- on each layer
Is rep laced by a difference ratio . As a result the therma l conductivity equa-
tions are reduced to ordinery differential equations with r e sp ec t  to the co-

~r d !n a te . In the- fl 1 account the- solution of the problem Is reduced to find-
ing a method of tests of the p o s i t i o n  of the front in which the Ste-fan con-
d i t i o n  Is fulfilled with the given precision . It is essential that in tha t
case the movement of the- interfac~ can be arbitrary.

The considered algorithm s for the soLution of a unidimenslona l problem of the-
St -fan type are extended completely to the case of axia l (in the case of cylin—
-i rica l bc-dies) and spherical synunetry,
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9. Invest iga t ion of ~ roee-sses of Freezing With Cons ide-rat ion of Moisture
Migratior~

The- above-considered methods of investi gating the freezing of grounds within
the  f r a m e w o r k  of a conduc t ive  problem , tha t  is , b y s o l v i n g  the Ste-fan prob1- -r :~,
in a number of cases prove to be inadequa te  for the complete descr ip t i on  - f
the ~rocess. In particular , in the investi gation of freezing in moisture --
s a t u r a t e d  disp ersed rocks it is necessary s i m u l t a n e o u s l y  wi th  hea t  t r a n s f e r
to examine mass transfer In connection with moisture migration toward the
front of freezing. In that  case th~-proce-sses  of f r e e z i n g  and m o i s t u r e  migra-
t i o n  a re  c lo se ly  Interconnected.

Together with the redistribution of moisture during freezing , under certa in
conditions moisture migration can lead to heaving and the formation within
the freezing ground of Ice In t e r la yer s  of d i f f e r e n t  t hi ckness , w h i c h  sha r~ 1~i
comp licates the solution of that problem in comparison with the-- Stefan problem .
The only possible way to investi gate freezing with consideration of moisture
mi gration consists in the simultaneous solution of a system of equations de-
scribing the heat and mass transfer in the presence of a mobile interface-.
The a d d i t i o n a l d i f f i c u l t y ,  which s u b s t a n t i a l l y  compl ica te s  the  s o l u t i o n  of
such a problem , is the fact tha t in dispersed media the heat and mass transfer
charac te r i s t i c s  of the medium (in  p a r t i c u lar , the c o e f f i c i e n t s  at therma l and
potential conductivity) are sha rply variable functions of the tota l moistun
For examp le , the c o e f f i c i e n t  of p o t e n t i a l  conduct i v i t y  ( d i f f u s i v i t y )  van s
by severa l orders of magni tude  dur ing  v a r i a t i o n  of the m o i s t u r e  w i t h i n  th~
range from the moisture of build-up to the tota l moisture- content. In addi-
t i o n , in connect ion  w i t h  the presence of u n f r o z e n  m o i s tu r e  in d isp ersed media ,
In calculations , similarly as in section 8, it is necessary to take into con-
sideration the effective heat capacity , which depends substantiall y o:i the -
tempera ture In accordance w i t h  the curve of unfrozen  water .

By v irtue of wha t has bee-n sa Id above the known approximate methods of ca l-
culating frost heaving in which the processes of freezing in  essence do not
cepend on moisture- migration and , in addition , all the coeffIcients given
are constant , are extremely approximate .

1, Formulation of the Problem of Freez ing With Consideration of Moisture
Migra tion

As has been shown in a number of works (for example-, by G . A. Martynov , 1959),
during the- freezing of finely dispersed grounds moisture mi grates toward the
front of Ice formatIon ma inly in the li qu id phase.

On the basis of the theory of transfer in colloida l cap illary-porous bodies
very great deve lopment has been obta ined by the potent ia l theory of film ar~i
cap illary mechanisms of moisture movement , devel oped mainly In the works of
A. V. Lykov and his school. According to that theory, on the front of ice
formation (on the side of the- thawed zone , at a teml:-.-rature of () + ~ O) a gra-

dient of the- potential of film moisture -, causing m igr at i on , forms.
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I he process of moisture- migration in t he  s o l i d  zone , acco~ii: 1i sh e -d  much in- r e-
slowly than in do liquid zone, has in essence- not been studied up to n °w .
It  Is on ly  known tha t  fo r  a wide  c lass  of grounds (e-xce-~ t heavy clays , pc-rha 1s )
moisture migration in the frozen ~oa~ in open systems is s r r k l l  in coaiparison
w i t h  mass t r a n s f e r  in the  thawed ground.  At  the- same time , moisture migratio n
in  f r o z e -n  ground m a i n l y  leads o n l y  to a r e d i s t r i b u t i o n  of the ice content  over
the section , whereas Its total quantity is determined by the moisture mi gration
from the thawed zone toward the -  f r o n t  of f r e e z i n g . In connection with tha t ,
in the present work moisture migration in the solid zone is excluded from con~
side-ration. It must be noted , however , that this limitation , which s imp lifies
somewha t the  technica l d i f f i c u l t i e s  in s o l v i n g  the  pr ob lem , is not a p r i n c ipal
one when the algorithm prn ~ os ed below is used and involves only the absence of
reliable data on mass transfer in the- frozen zone. In addition , as usu a l , de-
formation of the skeleton of the- ground during heaving and also the dependu~ice
of the change of physical characteristics of the medium on ~ressure are disre-
garded.

At the same- t ime , together with the- above-stated , sufficiently substantiated
assumptions in works devoted to quantitative examination of t h e  process of
freezing with moisture migration , a number of assumptions also are made which
considerably simplify the solution but phys ically are not comp letely justified.
Thus it is assumed everywhere tha t the  c o e f f i c i e n t s  of hea t and mass t r a n s f e r
do not  depend on the mois ture  w (a a rule  they a re  g e n e r a l l y  considered con-
stant). The roughness of the Ind ica t ed  a s s ump t i o n  f o l l o w s , In pa rt icu lar , f rom
the fact that the coefficient of potent ial conductivity increase-s by severa l
orders of magn i tude dur ing  increase of w. In a d d i t ion , it is assumed that the
pha se transformations occur completely on the interface. As indicated above
(section 6) under ce r t a in  conditions this can be- assumed in calcu l a t ions  of
the S te- f an  problem w i t h o u t  mo is ture mi gration . However , the latter is impor-
t an t  p r e c i s e l y  in f i n e l y  dispersed grounds , where the  phase t r a n s i t i o n s  of
combined vater , occurring in the range of nega t ive- temperatures , are consider-
abl e. In the present formulation those assumpt ions are not used because they
are sharply nega t ive-.

In connection with different change of the d imensions of the froze-n and thawed
zones , the- motion of their mobile boundaries can conveniently be examined separ-
ately, assuming z — 0 as the iimrtobile boundary and relating the heaving to the
mobile boundary of the frozen zone. Henceforth we will designate the coordin-
ate-s of the m o b i l e  boundar ies  of the f rozen  and thawed zones by 1(t) and
y(T) respective-iy .  I t  is obvious t ha t  within the framework of a unid imensional
problem the process under consideration formally Includes both freezing properly
speaking ( in  tha t ca s eI ’( t)  ~ y ’( t)  ~~

- 0) and thawing from be-low (~~‘(t) (
< y’(t) 0). Hence-for th  by freezing will be assumed only the  case y ’ -

~~ 0, and
the ca se of thawing from below will be examined separately. The amount of heav-
ing h ( T ) w h i c h  w i l l  occur during freezing , obviously, is equa l to h(r)~~ ~~(t)  -

- y (T).

We w i l l  examine first the case where at the initia l moment r 0 ~~ J) ~ y(O) -~
> 0 (the-  fo rmat ion  of the frozen zone in the presence of mois ture  m i g r a t i o n
toward the front of freezing will be examined be-low). Let the first zone
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(0 z > ~~~( 
t)) be froi en . During the freezing of grounds , as has been shown

by G. A. M ar t y no v  (1959), one can neglect the t r a n s f e r  of m o i s t u r e  under  the
Influence of a temperature gradient and the intensity of phase transformatIons
on account of evaporation and condensation. Then in the ~ r e - - s e n c c -  of the above--
cited considerations the known system of equations describing hea t and mass
transfer in homogeneous cap iallay r-porous media (Lykov, 1954 ) can be re duc ed
to the following system of quasilinear equations of a parabolic typ e  (0 < t<

I ) :
- (1 — - 1
( ( f ~~~ -~~ l_ ‘

~~~~ ~~
-- -  ?(i ,~~i-—- O - r ~~~~~~~ ( M . ( - I L ! )

~

-

~

-

~

!‘ 
i / ( t ) -~~~:-; / ,

- 
-- 

‘ i~ (~~) y ( 
~
) -

~ /
-e  I

Here  t (z , -r),  w(z, -r), C(w) and ~~(w) are the- te~eperature , moisture (by vol-
ume-, in fractions of unity), heat capacity and heat-transfer coefficient in
the thawed zone-, ~E(z,t), ~ (z , E) , C(E , ~) and XCE, ~~~) 

are the same in the
f r ozen z one , and K(w) is the coefficient of potentia l conductivity. It is
obvious that ~ is the sununary moisture (ice + unfrozen water).

On the mobi l e  boundar ies  of the solid and lI quid zones there occurs the obvious
condition

tI~
(T), I I 1!i( ’J Tj 0. ( :~. -) . )

The rema ining conditions on the mobile boundaries [the condition for (3.9.3)
and also the condition analogous to (3.5.11) which characterize-s the rate of
movement of the mobile boundaries and connects the processes of hea t and mass
transfer], which complete the- given problem , as will be- shown below , vary
substantially as a function of the course of the process.

2. Generalized Condition of the Ste-fan Type on a Mobile Boundary During
Freez ing  With Moisture Migration Toward the Front of Freezing

It is characteristic of the process of freezing tha t the structure- of the
frozen zone depends essentially on how the correlation between f’(z)and y ’(t )
varies in the course- of freezing. Ac tually, let the- arbitrary time- interva l
(t , t2

) , ~ e~ 0 and t2 
- — Ar be give-n and let 5(t

1
) 
> y( 1~~) -~ 0. We - w i l l

use- t~y and 6~~ to designate the corresponding mo,eiuents of the m o b i l e  boun-
dar ies  and ~ to des ignate  the suninary moisture In the iayer~~t .
Then during f r e e z i n g  wi th  cons idera t ion of moi s tu re  m i g r a t i o n  In the course of
At the following conditions are possible:

a)  f~ — 4y - - 0. In that case-, in the- course of ~t heav ing  is absen t  (L~h 0)
and , consequen t ly ,  we have w

~t 
< w , where w is the degree of saturation of

minera l aggrega tes (thu tota l moist&e- content). In that case a massive cryo’~-
st~uàture forms in the process of f r e e z i n g ;
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b) ~~~~~ ~ y 
- - 0. Then the process of hardening is accompanied by buckling ,

and because Ay 0 we have 1 --
~ w~ - - - w .  Within the- limits of the segment

~ f form schliuren (microlayers) divided by sections of the enclosing medium ,
the relative disposition of wh ich with in~~f has not been determined because
of averaging with respect to t. In prac tice in that case a finely layered
microschlieren cryostructure forms ;

c)  A.~ 0 and i~~y 0. In th i s  case a m a c ro l a yer  forms which fills the en-
tire segment1\~~ , and w~~ = 1. It Is obvious tha t in that case the heaving
will be maximal.

Thus th~ cryogenic structure of the freezi ng zone can be greatly different ,
depending on the- correlation between j’(t)and y’(t).

In addi tion , if in the course of an arbitrary fixed interva l case- “a ” or “b”
occurs (that is , y ’(t) -~ 0) , we will call such a process m000toaic freezing
( in  the presence or absence- of heaving respectively ) , and in case “c” --
freezing with formation of an interlayer. It Is ‘bv ious tha t during he-at and
mass transfer under the conditions describing movement of the mobile boundary
of the li quid zone (in contrast with the- Ste-fan problem In a “conductive” prob-
lem) to flow of moisture toward the- front of crystallization must be taken
int o account. However , the mass transfer to z y(t)and , consequen t ly ,  the-
indicated “generalized” Ste-fan condition varies substant ially as a function of
which - -f the freezing processes take place. The latter Is connected with the
fact that the behavior of wr y(~~), t] depends sharply on the type of freezing.
Ac tually , the ava i lable experimental da ta indicate that in case “a” (and also ,
wi th sufficIent precision , in case “b”) It can be assumed that w(y(t), t) —

w constant. In that case it is noted that w Is close to the critica l
mas~ of the absorbed substance (that is, to a va1~ e of the moisture content
be-low which m gration is practicall y impossible. On the basis of the process-
ing of the exper imental data by H. N. Goldshteyn (1948), V. P. Titov (1959)
proposed the following emp irica l expression for w

0:

~L 0 ~L~J ~~~ (a I ~~
where Is the moisture - content of the limit of plasticity ; n1 

is the- p la s-
t ic i ty numb r. Wi th respect to tenacious soils , w surpasses by several per-
centa~ es the limit of p lasticity or the moisture o~ rolling into a cord. It
Is essentia l tha t w > w (0).

o Un

The constancy of w[y(~~) , t~ will be strictly substant iated below for case “~~~“.

At the same time, as will be shown , in case “b” w[y(t),tj is de te rmined  by
the heat fluxes on the mobi le  boundary [at z — ±‘Cr) and z — y(T)] and in prin-
c i p le mus t  vary  in the  process of f o r m a t i o n  of a m ac r o l a y e r .  However , case
“b” Is introduced pu r e l y  f o r m a l l y .  A c t u a l l y ,  in that  case- the f r e e z i n g  is in
essence reduced to alternating cases of “a” and “b”. Therefore the interva l
4t , wi thin which case “b” occurs, can , generally speakIng , be broke-n down into
a finite number of segments within which either “a” or “b” occurs. Since the
latter is kn own to be smaller than At, then in practice durIng fairly few I Ixa-
t ions  of Ai~ in case “b” it can be considered that w(y~ t ) , t)~~ - w .
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Thus henceforth during monotonic  h ar d e n i n i n g  we assume that

~~l U ( U ) ,  ‘1 ~~ 
I - ~ 

i ) )
w

I ) ’  -
~ 

- - s -
~~

• - --- --- -  -

- 
_
/ —

- -\ - - Figure 10. Schematic distributio n -f
~i_

_ 

r~

- - - ~~~ / moisture content in rock in the case- 
-
~~ ~~~~~~~~~~ ~ of monotonic freezing , a - Unfrozen

- 
- : . :- - : :- ~~~~ . water ; b - ice; c - Free water

The distribution of moisture in the frozen (solid l ine) and thawed states in
the case of monotonic freezing is presented schemat ically on Figure 10. Dur-
Ing transit ion across the Interface- z y(t) the amount of moisture in the
li quid phase changes suddenly from w to w (O); that moisture , being free
and Immobile , crystallizes In the process of freezing just as in an ordinary
Ste-fan formulation . At the same time the tota l moisture in the - solid zone
also undergoes a discontinuity of the first kind at the ~-nin t z ~ (t~), the
amount of the jump being determined by the influx of moisture migrating toward
the- front of freezing.

The condition describing, similarly to the Ste-fan condition , the rate of move-
ment of the mobile boundaries of the liquid and solid zones in the- case of
monotonic hardening is readily obta ined by compiling an equation of the heat
balance for the elementary volume (with a cross sectiona l area of 1 x 1). We
know from (3.9.5) that in connection with the crystallization of the “free”
in~n o b I l e  mois tu re- , in a unit of t ime in the layer y ’( t) (I n t h e  Gd~-~ under
consi dera t ion ,! ‘(t) > y ’(r)  -

. 0) he-at amounting to A ( t )  =~ M [w  - w (O)~
y’(t) Is released , where p~ is the heat of freezing of I m3 of water . In
connection with moisture mi gration toward the mobile boundary of the li qu id
zone in accordance with (3.9.3) under the condition (3.9.15), K( w )w 

—
of water arrives and crystallizes. In that case- a quantity of he~ t ~5

z y(’v)

re lea sed which is equa l to

B (t )  - !IK(s (,) 
~

‘
-

~~~

- 

J 

w I~(t ) 
~~~~~ 

-~
- :

It can readily be se-en that the transfer of the heat of moisture migrating
toward the front of crystallization on account of heat capacity is a smati
va lue of a h igher  order of magnitude than A(t ) or B(t). To make up the heat
balance A(r) + B ( t ) m u s t  be equa l to the- d i f f e r e n c e- s  of the heat f l uxes  on
the mobile boundaries of the- liquid and solid zones

1) (i) ~~- 
- - ?. ( )  

~~
-
~
-- 

-

As a resu l t  we obta in a condit ion ge n e r a l i z i n g  the Ste-fan condition , which
determines the dynamics of the interfaces during monotonic hardening

/ ) ( r ) - -- 8 ( t )  ;1 (t). 7)
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1t is obvious that the examination of the problem of freezing with considera-
tion of moisture mi g r a t ion  in a c e r t a i n  interva l Lr1,r2~ makes sense when thethe following necessary ~ondltions are fulfilled: a) w(z, C1

) ~~~ and
y ( t )  -z~ z ~ L (the necessary condition for moisture migrati o.i); 2)  °D(t) > 0
and t 

~~ 
[r

1
, r~~ (the necessary condition for freezing).

U n d e r  those conditions , for monotonic hardening with cons ideration of migration
t ow ~~rd the  f r o n t  of c r y s t a l l i z a t i o n  it is necessary  and s u f f i c i e n t  tha t d u r i n g
the- t ime-- interva l under consideration there be the condition

r. 
~ 

!)( r) ~~~~ . - -  -~~ ~~)

It is essentia l that the formally introduced function F(t) be a continuous
function of the time and that during monotonic freezing, as follows from (3.9.7) ,
F(t) A(t).

The amount of the tota l moisture in the freezing zone during monotónic freez-
Ing at t-~ is determined for all values of z E [~~(r~~) , ~(r2)] with the cor-rela t ion

:1 l~’ ’ ) } -H~ 
R (t~ (:z 0 ~ - i O ) y ’ 1 1 ! j

(V - Ifl~;~~(O)--L ,U)~.

where V = con -,tant > 1 Is the coefficient of volumetric expansion during the
transition of water into Ice, and t~ is the moment of time at which f(T) z
and ~ (C1

, C2
). In the general case , when In the t ime interva l under consid-

eration , monotonic freezing alternates with thawing from below , ~~ Is the root
of the- equation

-
~ -—

~~ (t1). (3 h 10)

it i5 obvious that by the moment the boundary of the freezing zone can in-
terse-ct the point z under consideration an odd number of times. Therefore in
the genera l case It is necessary to take as the sought va lue of t* the large-st
of the roots of (3.9.10), wh ich corresponds to the last period of freezing
(be-fore the moment under consideration), In (3.9.9) the first term in .he
curly brackets characterize--s the moisture in the solid phase (the- ice content )
and the second, the same- In the li quid  phase, and the- last term the- expansion
during the transition of the  unfrozen water into Ice. The rate of bulg ing

• during monotonic freezing Is determined in the course of the process from the
corr e la t ion

Iz~ J 
- ‘-

~~ 
/~~( r )  — — - ( v  — I)

~~H ~ 
(t )  1’ , ~~~~~~~ 0, (~~

). I I)
- (I , 1’ 0 .

Here the firs t term in the expression for t~ characterizes the influx of mois-
ture in connection with migration in a unit of t ime , and the second is the
amount of wa ter necessary to f i l l  the pores in the harden ing  medium .
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~~. lie-at and Mass Transfer in the Proce--~ s of F- -rus t ion of an Ice Inte-rlayer.
Rhythmic ity Du r ing Freezing with Mo i -~tur e- Migrat i - n

~ c wi’~1 now examine the pr cess of hea t and mas s transfer during freezing when
conditi on (3.9.8) does not occur. By virtue of wha t was said abr ve-, the va lue
of BCC) determined from (3.9. 6) is found  f r o m  a s o l u t i o n  f (3.9.3) under con-
dition (3.9.5), Therefore , when the conditi on - - -Q es~~ rv f-- r moisture migr t i- s
is fulfil led , 8(t) a 0 at all values of -r ~ ~~~~~~~~ ~~~~ 

In ~-articu lar , viola-
t ion of condit ion (3.9.8) can occur in both a closed and all th more so in
an open system in cannection , for example-, with increase- of B(t ) (since the
vaiw of w under condition (3.9.5) can increase- un l imited ly with in -z z y ( t )
crease of y ’(T)) or decrease of DC ).

Let the following occur at a certa in value t ~~~~ 
~~l’ 

V
2
)

F(~ 0; J:~ (u 0 , ( - ~ . L

a n d  the conditions necessary for hardening and migrati on are in genera l ful-
filled . Then , if In the 1- f t  ha I f — n e  i g W~~rh o-oJ r3 F( 1) -> 0, then cond it i- - u
(3.9.12) means tha t at t= t

3 
the freezing of thawed ground ceases and the-

remova l of heat from the interface D(t) is sufficient only to crystaUi~ e th .

moisture migrating in acoordance with (3.9.3) under condition (3.9.5). In
that case y ’(r3) 

= 0, whereas ,~ ‘(t~ ) h’(r~) — 0, that Is , the Ir-cess is

~.hanged qualitatively . Thus upon fu1filmen~ of the necessary conditions of
freezing and migration the condition (3.9.12) is necessary for the I -rma t ion f
an ice interlayer to start after monotonic freezing. It can readily be se-t n
that from physica l considerations the condition F(t) ~ 0 at t > t~ is suf-
ficient for the continuous formation of an ice interlayer . In thaf’ case- con-
dition (3.9.5), generally speaking, does not occur , In particular , (3.9.5)
is known not to be fulfilled at F(t) - 0. Actually, as Is known from num-
erous experiments, at D (t ) -  0 the ex lste ’~ce of a layer of water in the thawed
zone near the mobile boundary z — y(t) is excluded. However , If (3.9.5) oc-
curred at FCC ) < 0, then in accordance with (3.9.7) the- moisture migration
toward z — y(r)would exceed the amount which could be crystallized at the
given C(t) < 0. In connection with tha t w~ y(c) t] ~ constant a t  F(-r) < 0
and varies , assuring self-regula t ion of the flow of moisture toward z y(fl,
so that at the given D(C) the inflow of moisture can be completely crystal-
l i zed :

is.: (w) ~~~~~~~ a n  IL /)(-t) ( 1  () I I )

Let us note- that B(t), determined from (3.9.6) under the condition (3 .9.5),
In the case of a inacrolayer is calculated formally and plays a puret~ auxil-
iary role -- in finding the sign at F(t). In addition , the value of ~w
at wlz.,y(r) 

w , entering B(t) at F(r) < 0, majorizes the actua l az z y(T)

moisture gradient at the point y(
~~
). It is obvious tha t in that case , because

y ’(C)— 0, ‘
~~~~ J(t) ~ wherea s the moisture migration toward ~ — y(T)

varies as a function of the value of D(t’) In accordance with (3.9.13). Wh en
D( Z) is reduced to zero w~ increases until in ~~~ r igh t ha~ f~neighb0rh0odz y(T)
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y(~~) the moisture distributi on be--comes gradient le-ss~ . During subsequent
Increase of D(~~) , by vir tue of (3.9.13), w(y (C), r) again decreases until
the value - w is achieved at a c er t a i n  value - t,~ > is reached. In tha t case ,
obviou sly, °F(t)= 0, tha t is, D(t) =  B(~~).. If F’CCY ’ 0, then in a cer-
ta i n  r i ght half-circle -- ~~ (3.9.5) aga in occurs and m :lotc --nic freezing starts.
At the s~ime time , in the~ rocess of formation of the ice interlayer the thawed
ground near  the mobil e- interface is dried. In connection with that , in clos ed
systems for wh ich the ind icated circumstance is very characteristic , monotonic
freezing after an interlayer , as a rule , leads to the format ion of ground con-
taining little ice.

Freezing from the surface Is described similarly if a t  the moment of the tem-
pera ture inversion w~~~ 0 

-
~ w .  In that case , as in that examined earlier ,

tht we-Il-known fact cf ice accumulation near the surface of moisture-saturated
ground during gradua l cooling is readily substantiated .

If at t( t~, t~ j the conditions necessary f r  freezing with migration are ful-

f illed but (3.9.8) does not  occur , then the- thickness of the macrolayer form-
ing in tha t case is determined from the correlation

II f) (~) /~

Ihe - above--app lied approach to investigation of the interaction of the tempera-
ture and moisture - fields during the freezing of finely dispersed gr oun ds has
the direct result that the motion of the interface occurs differently and the
distribution of the total moisture over the profile of the froze-n zone has an
-s cillattona l character . The- examination of this phenomenon , typ ica l during
freezing with migration , we will conduc t upon certain assumptions natura l for
finely disp e-rs€ d grounds regarding the coefficients of therma l and potential
conduc t ivity and the curve of the unfrozen water :

-

Ac~ual 1y , let D(r)at any moment t so exceed B ( C )  tha t  w i t h i n  t he  l i m i t s  of
some selected value - of D(t)there is an intensive advance of the fronts of
the fr zen and thawed zones with the formation of a low-ice layer L~~(~~ 

— 
~~~ 

y )
By virtue of w ’ (O) ‘ 0 the- effective heat capacity In a certain left half
neighborhood t 0 Is essentially an increasing function of temperature and ,
conseq ue-ntly, the layer t~~~ has consi derable therma l inertia . Therefore during
the ind icated Increase of the frozen zone-, regardless of the boundary condi-
tions (under the condition of their smoothness) D(t +4t) ‘-- D (t ) ,  At  the  same
t ime , since K(w) is a sharp ly incr easin~ function of w at w € [w , w~ J ,  where
K(w ) i s rela t iv e ly s m a l l  (

~~~ 
l0~~ - l0~~ in2/hr ) , the corresp ondiRg reduct ion

of £he thawed zone in the course  ofA’t cause - s  a strong loca l disturbance of
the moistur e- field near z — y ( t + A t ) .  Hence in the case under considerat ion
we have

“This exp l a i ns, for example, intens ive ice accumu lation on the base- of a layer
of seasona l freezing in sufficiently moistened soils.
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tha t is , F(t+ £~r) ~~
- F(t)and , consequently, y ’(r+&~) 

< y ’(t). In particu-
lar , in tha t case- F (t+At) 0 is p o s s i b l e  and , c o n s e q u e n t l y ,  the  f o r m a t i o n
of an Ice interlayer.

Thus , after rap id freezing (with formation of a low-ice layer of frozen ground)
the -  f r e e z i n g  r a t e  is slowed down , wherea s the ice content increase-s correspond-
ing ly. If it i~, taken into consideration that the thermal conductivity of the
frozen ground is a non-decreasing function of the total moisture , that decel-
eration of freezing under the given conditions has the result that F(’C + 2~~t)  >
> F(-c + tj r) , As a r e su l t , after deceleration the freezing rate is aga in in-
tensified (in tha t case the ice accumulation decreases), etc. It must be noted
that the very fact of rhythmicity in ice accumulation occurs Independently of
the -  s e l e c t i o n  of 4ç whereas the q u a n t i t a t i v e  aspect of the q u e s t i o n  e v i d e n t l y
depends to a c e r t a i n  degree on the s ize  of ~~~t In a d d i t i o n , the  o s c i l l a t i n g
c h a r a c t e r  of the cryogenic  s t ruc ture  of the freezing la yer does not distort
the genera l tendency toward variation of the- ice content over the profile ,
which  is determined by the specific boundary conditions . The noted rhythmicity
dur ing  f re ez ing  is manifested in essence In fluctua t ions of the Ice content
values around a certain smooth curve which reflects on the ave-rage the above--
indicated genera l course of change of the ice content with depth.

Thu s the conducted examination of the Interaction of the temperature and mois-
ture fields agree-s qualitatively with the known theory of rhythmic formation
of ice layers , which describes the mechanism of cyclic formation of Ice len-
ses , start ing with the formation of crystallization nuclei.

In the inathematica .. formulation of the two-phase problem under consideration
it is necessary to Indicate the lime- interva l T

1 
dur ing wh ich the given problem

has meaning under the two-phase Initial c o n d i t i o n  (that is , there- is no forma-
tion of a new front from the sur:Thce- or disappearance of a zone). We will ex-
amine the boundary conditions in the very genera l form

/ t ~~~ 2~~U ~to , t , t ( O , 1)1, ~~~~~~ 
z~~ 1 q~ l , t, l(1 , LI t

If at the initia l moment the  first zone- is frozen , the-n -~~ 0 and ~~~~ 0 is
a phys icall y sufficient conditio~i tha t a new front is not forming from the
surface , and also that the values of t*(O , t) and t*(l, t) , which are- the roots
of the equations ~ — 0 an d q — 0 respectively (the phys ica l meaning of the--
roots Is the ambient tempera ture), must be smaller and larger than zero re-
spectively. The requirements Impose-d on the sigrs of the ambient temperature
are ev ident. As for the conditions j- ~ 0 and q ’ ~ 0, they design a te that
with elevation of the temperature on the- upper tboundary the outflow of heat
Into the environment also Increases (on the tniuobile boundary of the thawed
zone -- tl~e reverse), which exc ludes the possibility of inversion of sign of
t(0, t) and 1(1, t) respectively, if the first zone Is the thawed zone , how-
ever , it is sufficient to require tha t (~ 0 and ~~- 0 and the roots q — 0
have opposite signs to t osa considered above-.
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Di- - a:~ e -ar a n c e  f the zone means tha t y(i) 0 or y (r )  - . In t h a t case , i f
o ‘— c - - y(O) t , t h er exists a fini te - t ime , determined by the- boundary
condit ions , in t h  c u rs e  ‘f which the fr -nt is known not to emerge on the
mobile - boundaries. If tha t t ime is smaller tha n the given integration inter-
Va 1 , t h e n , by solving the r -l)lem in the course f the m d  icited t ime inte~~’a 1
and making a decision by t he  end of i t  in accorda nce with the init ial condi-
t in n , it is possible to continue the solution until y(’r) (with in the limit s
of the given re-c is ion) does not  emerge beyond the -  boundary of the region un-
der cons ide-rat i- -ti . After t h a t  the  r hIe-in is considerabl y simi. li fie-d and re--
duced to the  s o l u t i o n  of equations -f therma l conductivity and moisture dif-
fusion in all the reg ion under consideration .

If the above-considered cases of monotonic freezing and the formation of a
macrnlayer are combined , the- problem of freezing with cons ideration of mi-
gration can be ire-sented in t h a  following form. It is necessary to d e t e r m i n e
the distribution of temperatures t(z, ~~) and t ( Z , t) res’ectively in the frozen
(0 ~~

- z ~
-- 

-~ (C)) and the solid zone (yCt ) < z £) , of moisture w(z, r) in the
thawed zone, and also tr~c velocity of advance- of the boundaries of those zonesc (-r) and y(t) and , consequently, the heaving h(t)~~ ~ ( T)  - y ( t ) , satisf y i n g
t he-- system (3.9.1 - 3.9.4) under arbitrary (with consideration of wha t was said
a b o v e - )  i n i t ia l  and  boundary  c on d i t i o n s  on the mobile boundaries.

In that case- the ice content forr~~ng on the front of freezing is descr ibed by
the ext ress ion

- I t ) 1t v/~ )r ‘ 
- 

~~ 
- - 

- 

- 

~ 
1 1

where
c-c ; A ( t  ) fl

1 : 1 1 )  1
A 
~ ), ~ s n t  C) A It )  -~~ i~ ( t ) .

The h e av in g  r a t e  is d e t e r m i n e d  in the  process of so lu t  ion with the- formula

r ) ,  1) ~~
‘ (

~~) — ~~~‘ , a ’ I t )  - 
~~~~ i t ) ,  T )  ‘ ( i )  ~~~~~“ ~~~ 

I n )

The c o n d i t i o n s  on the mobi l e  boundar ies  under  the  f reez ing c o n di t i o n s  under
consideration are combined itt the form

(1~
- )

~~~izL ” ~~~ 
-
~~- ( t i ( i ) ,  t ) =  y (r) , ( - ~ 

¶ i 17)

where a — 0 , b 1 , X — w at A ( r )  -‘B(t) (monotortic freez ing), and a = 1,
b — 0 and 

~~
. 

— 
~
4
~~ A(t ) at

°0 A(T) - B(~~) (formation of an ice layer).

The rate of advance- of the boundaries of the frozen and thawed zones Is deter-
F mined from the corre lations

i~
’ ( t )  J: ’ N ),  t- - - -m A(r)> 13(i), 4

- I 1~’ (i), t i . ii U <~ :1 (1) -~~~~ /3 (~

y ’ I t) J J : 1 ( r )  !~~i,hi 4 - ’ j f l  A ( i L- - BIt),

I 0 , i -  .‘t it 0 ~~.1(t) -
~~~~ B (ii .

The prob l em under consideration obviously is of interest in the case where
w (z , 0) -

~ w and z ~ (y(0), 2) and there is no flow of JIu)Isture out through
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the- lower boundary, that  is , K ( w )  
~~ 

~ )• in that case from (3.9.13)

w(z, r) w , ~ (0 , T and ~~
- 0 and , consequently, 8(t) - -~ 0 and

o I cz y(~~)

~~~ € 0, 1 l~ 
under any freezing conditions . In a dd i ti --n , it follows directl y

from (3.9.15), (3.9.18) and (3.9.19) tha t ;(w0 - w (O)) + w (0) ‘~~~ (z , t)
• 1 and z 

~
- [0 , f (-r )

~, tha t is , the tota l moisture of the fr--zen zone during
monotonic freezing satisfies the condition w(z, V) ~ (w , 1].

The app lication of known methods of solving the Ste-fan problem (the meth od of
C~~ turing the- front in a network gr id , of smoothing of coeffi’ients and of
stra ig h t e n i n g  of fronts) presents considerable difficulties in the solution
of the “systems ” pr o b l e m  under c o n s i d e r a t i o n .

At the same t ime , a s o l u t i o n  of the Indic ted problem under arbitrary boundary
cond i t i ons  w i t h  c o n s i d e r a t i o n  of heav ing  and the f o r m a t i o n  of ice l a y e rs  can
be obtained with sufficient precision by the straight-line method (the Rote
scheme-), which has been recently proposed and substantiated as an algorithm
for the solution of quasilinea r problems of the Ste-f in type (Bachelis and
Me-lamed , 1972). In accordance with tha t method the t ime interva l in the cau r s e
of which  the  process is examined (upon the  cond i t i on  t h a t  the  number of phases
does not change) is broken down into N layers with a step in t Ime~~~C, in each
of which the time derivative is rep laced by a difference ratio . In tha t case-
on each time layer (at the time t~~ nat, n = 1, 2 , ..., N )  the equations (3.9.1-
3.9.3) and (3.9.15-3 .9.17) are reduced to ordinary differentia l equations in
relation to the functions t (z), t (z) and w (z), which are a~ i rox iniite values
of the functions E(z, t), t’~z, t) ~nd w (z , .

~~~) r e spec t ive ly .  The p o s i t i o n  of
the boundary on the new time layer y and ~ is found by solving the transcen-
dental equation into which (3.9.18) ~nd ((3~ 9.l9) turn.

In accordance with the princ iple of the maximt.nn , fo r  a i roblem of t h e  S t e- f a n
type the value-s of the he -it fluxes within the region ,k i ’ ( z ) , z e (0 , 

~ n~~’)tt~~(z )  and z ~
- [y , i)  are 1 lm it eu  by t h e -v a l u e s  of the h e - a t  f lix  ~s on t h e

boundaries , and a’?so at the- initia l moment. It follows from thi~. ’~ tha t in the
r ide-rn under consideration of hea t and mass transfer during freezing dur ing

the transition from one t ime layer to another  I t  is p o s s i b l e  to indicate an
interva l with respect to z with its center at the point y (on the preceding
layer ) , wi thin  which  on the- g iven time layer a single pos’~t~ ve root -f the
equatIon (3.9.18) or (3.9.19) must be found. At a fixed va lue of y ,  partia l
s o l u t i o n s  are- readily found by means of trial runs , after which the values of
the f l u x e s  of hea t and mois ture-  a t  the po in t s  y , and j are determined with
the g iven p recision by kn own methods of num er i c a l d i f f e r e n t iat ion , that Is ,
the values of A~~~~) and B (-r ), If it is taken Into consideration that In the
g iven 1r - -b le m the requireme-~ ts for precision of calculation of the hea t and
moisture fluxes on the interfacu must be extremely high , It Is advisable to
calculate them by means of the- method of “Interpolating conjugation.” The

*It is obvious that moisture migration toward the freezing f r o n t  leads to
curtailment of the- interva l determined by the therma l I r4b lem because Bet) > 0.
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l a t t e r  assures i~~) 
r-x imation , very “smooth” in the - - sense  of a m i n i m u m  of l i n e - -

a r i z e - -d m e a n - sq u a r e -  c u r v a t u r e -  of the first d e r i v a t i v e -  f u n c t i o n, given in a table .

As a reoult , at sufficiently small va lue-s of ~ tthe method of stra ight lines
make-s it possible ti determine with t he  1-rciscribed precision the tn vetuent of
the u~ e-t- boundary of the thawed zone and also , with consid~~rition -f heav-
ing, of the- u~ per boundary of the frozen zone-. Tha t al~ --rithm , being rather
s imp le , make-s it possible during 1r~ ctica1ly any limitati ons inn osed on the
b ou n d a ry  conditions and parameters i f the- problem to solve the “systems” p rob-
1cm under considera t ion with consideration of 1 hase transitions in t h e  r a n g e
of negative temperatures , insulation on the surface , heter- gene --ity of the
ground , etc. S t a r t i n g  f rom the a lgorithm for numerica l integration , during
fre-e-zing the Ice content is f ound as the average in the- course of a ~ te-~ in
t ime (from this also follows heaving during monotonic freez ing), since with
d i f f e r e n c e  methods it is not t-ossible to determine small ice layers so much
as Is desire-d. In the nonlinear case , when the hea t and mass transfer char-
acteristics depend substantiall y on the temperature and humidity (which them-
selves must be determined in the process of sOlving the T roblem), the method
of iterations must be used . This applies especially ti the- f inding —f the -
moisture in the thawed zone-. Let us note tha t in that case-, instead of rart ia l
solut ions , solution of boundary-va lue- problems f i r non l inea r ordinary differ-
ent ia l equations in the corresponding zones can ~~rovc-  to be more effective.

In the multifront case, when the-re is a stratificati on of thawed and frozen
rocks , the- problem is examined similarly. In that case , in the i rocess of
thawing from the surface it is necessary for the flow of  moisture , determined
by it~ evaporation , to be given as the upper boundary condition for the equa-
tion of moisture conductivity . In interna l thawed zones , however , bounded on
both sides by froze-n la yers , the condition iif insulation of the moisture - is
g iven as tie boundary condition during free-sing . In essence the only c-~rrn Ii -
cation of the solution if the problem in the mu lti 1 hase case- is the fact tha t
the value-s of y and r are found in each time layer as a result of so1uti -~ti

a system of ~ranscendenta 1 equations to which expressions of the type- of
(3.9.18) and (3,9.1 9) are reduced for each of the- mobile fronts.

ih e  above-considered algorithm is valid 1-ri’vided tha t within the Integration
interva l the number of zones remi1iii~ unchanged , their d imens ions  icing suf-
ficiently largt- for the-- use- of numerica l methods of the equations of therma l
and moisture conductivity . But if the- zone disappears or f irms fr-irn the sur-
face- , certain na tura l simp llfications must be introduced . It is obvious ,
for example, that when the mobile- Interfaces are brought closer together in

the  ;rcess of bilatera l freezing f an interna l thawed layer the va lue s  of
the flows of heat and moisture- from the disappearing zone toward the boundaries
become- negligibly small.

Comparison of the  r e -sult .~ of calculations in accordanc e with the indicated
a lgorithm with the corresponding self-modelIng solution (sections 8 and 13
of this chapter ) has shown t h i t  the proposed procedure assures obtaining a
solut ion with a suffic iently high degree of ~re-c isIon.
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10. A V . ri Sirir~-le Seif—M ide --ling Solutioa of the f’r— b lem of Freezing Wit h
Moisture Migration (Without Consideration of Heaving and the Formation
of Ice Layers )

The above- -indicated difficulties in solving the prob lem of t h e -  free-sing f
moisture-saturated f i n e l y  disp ersed rocks  in a genera l formu l a t i o n  unavoid-
ably led to an exaniination of self-modeling solutions. Various a~~~roaches
to the finding of self-modeling solutions of the given ~roblem and t h e -  ev~i 1u-
a t i i i i  of their applicability (primarily of a very simple pri-blexn very wide-
spread in frost studies ) for investiga t ing the -~robIem as a whole will be
described in detail below. lie -re - we- will note once more tha t, in sp it - of
all the effectiveness of self-modeling solutions , the-jr u sc  in t h e  i n v e s t  i-
gation i if  corn 1 lex natura l phenomena is possible only when a very large num-
ber of f a c t o r s  is ta ken i n to  cc : is i d e r a t i o n  and in tha t  connect i - in  extreme -
caution is required. This applies es~ eciall y to the- conjugated r Ule-rn under
consideration , since the coarsening of given elements in the formulation of
the problem (in p a r t i c u l a r , neglect  of heaving in the equation fi r the fr- sen
zone- in the very simple- self-modeling solution , line-arizat ion of the corr~-
sp ond ing  equations as a result of averaging of the- hea t and moisture exchange-
charac ter i st ics , etc) inevitably leads to distortion of the entire micture.

We w ill examine the following Ste-fan-type 1-ri-blem on h a l f - l i n e  fo r  a system
of two quasilinea r parabolic equations , to which under constant boundary con-
ditions the above-described problem of therma l and mass transfer i5 r e - n~ce-~
in the case- of monotonic  f r eez ing  w i t h o u t  heav ing .  I t  is r e - - q u i r e - d  to find
the- functions (z, t) and J(r)satisfy ing t h t  equations :

i t , ) ~ E 

-~~~~ 
~~~~ 

~~~~~~ L 
~~-~

11
~ t I~~0 , I 

-
~ 

i
~~
. 3 0 I

- 
- 

~i i  I ’ L I - - - ’- - -0 , r > h , t ~ - I
C , -

iHti. t~ (~ , : - ~~~i e 3 d , -t
~ L 14 ,  i>0 , ~~~~~ ~

- - - i f  - - - I
~ 

- - )~ ~~ i - — - ‘- (-~i: 0 -
• 

5 ’, ( i i , ’)

- - l~ ~1 ( I
~ - - L )  

~- ! - -
‘ t i  - - ii - - i i , -~ I -

_
: - - - U

under the boundary conditions t(0, t) — T — constant K ~~~, t(z, 0) —

— c o n s t a n t  - t , w(z , 0) — w
1 

— constant ~~ - w --‘ w*( t ) , z —‘ 0 and ~
‘(0) 0.

lie-re M(t, w) — K(w) at t - t a n ~i M(t , w) — 0 at t — t , and )~(t, w) , K(w),
C (t , w) and w* ( t)  are  con t inuou s f u n c t i o n s  of t h e i r  own atgnnn-nt -

~~~, eXCC~ t in g

t — t , where X and C experience- a disconti nuity of the first kind : A(s ,
K(s)  °and w*(s) are  con t i nuous ly  d i f f e r e n t  lab l e , A .- constant > 0, K -~~~ ~ -~ t t~
stint -

~ 0, C ~~~ constant -~ 0, w* ~~- constant ~ 0. At t -
~~ t we have C(t , ~~- ~~

~ C , ~~(t, w) where ~~~an d C
0 

-- constant -
• 0, ~~- (t) ~ W~~~~ t

t < L
(I
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We will prove below the existence of a solution of the system (3.10.1-3.10.4)
satisfying the above-Indicated conditions , such that t(z, ~

) t , 0 < 
~

-f (T) , t(z, ‘ t) -‘ t and z >1 (t). On the basis of a conductea investiga-
tion an algorithm will be proposed for finding a solution ‘f the prob lem
under consideration with any prescribed degree of precision.

Since M(t, w) — 0 at t ~ t (moisture migration in the frozen zone is not
considered), then at 0 z°~ J(t) equation (3.10.2) degenerates. Since in
the given case it Is assumed that the freezing occurs without heaving , the
tota l moisture at each point of the frozen zone in accordance with (3.10.6)
and (3.10.9) is written in the form

~~(:. ~
) V 1 K ( ~ ,) ) 

~~~ ~~~ 
*1)1 ~:‘ (J)(v --1) ,

0: ,z

t~ - - t o,

where t~ f (0, T) also is determined from the correlation z — 1(t). The
existence of a single T~ — t*(-x ) for each z ( (0, ~(-r))foliows from the
fact that , as will be shown below, under the adopted boundary condit ions

-~ 0 at all values of t> 0.

As before, it can be assumed without limitation of genera lity that t 0.
It is obvious that at w

1 
— w the problem (3.10.1-3.10,4) is reduced°to a

generalized classica l Stef~n problem (Section 8).

We will briefly examine the course of proof of the existence and singularity
of the self-modeling solution of system (3.10.1-3.10.4) at w1 

> w , and also
ind icate an algorithm which makes it possible to obtain that solu?ion with
any prescribed degree of precision. In that case the existence and singu-
larity of the self.eiodeling solut ion is assured only when certa in add itiona l
limitations are imposed on the thermophysica l characteristics of the medium,
limitations connected with the dependence of the latter on the tota l moisture
in the frozen zone. It must be emphasized, however, that those requirements,
which naturally arise from the interaction of the temperature and moisture
fields, as will be shown below, are realized practically everywhere.

( Similarly to section 8, we will seek the functions ~ (p),~~1(p) and O( con-
f stant > 0 such that t — •(p), w — 4 ~ (p), where p — zr” , and also ~ (t)

are a solution of (3.10.1) and (3.10.2) under conditions (3.10.3) and
(3.10.4). In that case (3.10.1) is reduced to a nonlinear second-order
ordinary differentia l equation in relation to 4~(p) for [0, a]with a “joined”
solution at — 0 in accordance with (3.10.4).

The tota l moisture in the frozen zone w (z, r], t ~ 0 is transformed into theform

~ (p~ v (2K (w 0 ~ (a 0) u _ I :.‘~ —~Y U) I  w (0)

~~~(0) — - w ( q ~) j (v --— _ I ) ~~~V( u , 
~~~~~ ‘ç ~.O .

It is obvious tha t N((, 4~) can be presented in the form N(.(, ó) — n( l t’) +
where n(cG — N (tX, 0), I(~) — [w*(0) - w*(~)] (~? - 1).
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Thus in the self-modeling case at 4) -~~~. 0 we have ,\ (4) , ‘4’. ) ~ )~[4i , n] and
C(4) , ’+ ’)— C[è, n], where n = n( o~) Is a parameter. If we substitute t 4)(p)
in (3.10.1) we obtain

~~~~ ~1 ~~~ t -
~ (a l l  (1) ’p 0 , (j • <. 0 , ~~~~~

~~~ ‘p 0 , 
~ 
>0, (3 IU ( 1

where r(4), n) — (ln~X(è, n))4), g(é, n) — C(4), n)/2>~ (4) , n) and g — C /2A0,

where g(4), n) ~~~
. constant < 0 and g ~ constant > 0,

In that case the boundary conditions for (3,10.1) will assume the form

q (0) T0< 0, (~
•
~‘
.
~) r T 1 > 0 , ~ ( z )  0. (3 . 11) . 7 ’

Demonstrated in the work of Melamed (1969) was the existence of a solution o~
(3.10.5) - (3.10.7) satisfying the conditions 4)(p) < 0, 0 < p <~~~, ~ (p) > 0
p > 

~ • In that case equations (3.10.5) and (3.10.6) occur at 0 < p and p >
respectively and equation (3.10.2) is reduced to a nonlinear second-order or-
dinary differential equation in relation to é(p) for [Q(, a]. If we substitute
w — ‘r (p ) in (3.10.2) we obta in

b( i~)~~’ p 0 , p > a , (3 . 10.8)

where ~((+) — K’(’1’ )K~~ CW), b(~V) - [2K O-P~)]~~ , where b(’1’) ~ b > 0 at”f.~.
The boundary conditions for (3.10.2) will assume the form

1:(a) z.~~ , cc) W1. (3.10 .9)
At 4) 

~ 0, as has been pointed out, (2.10.5) and (3.10.6) have cont inuous co-
efficients and the solution must be continuous together with the first and
second derivatives, At 4) — 0 the coefficients of (3.10.5) and (3.10.6) lose
discontinuity of type I, the solution must be continuous , and ø’(p) in accord-
ance with (3.10.4) has a discontinuity of the first kind, determined with the
correlation

~.(0 -— 0 , ,z) W ’( a — O )  - - -- ~~~~~~
‘ (a 0) _~i K ( ~ 0) *’ (a)

(3 . 10. 10)

In connection with the need to fasten together the solut ion of (3.10.5) and
(3.10.6) (at 4) < 0 and 4) > 0), which, as was pb~~ted out above (section 8),
is possible only under certain conditions, and also with the fact tha t the
va lue of n and, consequently, of the coefficient of (3.10.5) are determinedS by the flow of moisture, that is,’4”~~~, at first it is necessary to examine
the behavior of the integral curves of (3.10.8). The investigation of (3.10.8)
and construction of an algorithm for its solution with the prescribed precision
are carried out sii~i1arly to the examination of equation (3.8.1) at 4’ < 0 in
the case of freez ing in the range of temperatures.

For transit ion to the therma l part of the prob lem, in connection with the d~~.
p.ndence of the thermophysica l characterist ics in the frozen zone on the tota l
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moisture N(~~, t~) it is necessary to examine in advance the connect ion between
the ice content and the freezing rate, As a result of examination of the be-
havior of ‘f’’(c~1)o(

1 it was demonstrated (Melamed, 1969) that n(C~.) is a
str ictly monotonically decreasing function of~~ , from which follows the con-
tinuity of 14)~ (o()

If we now examine the integra l curves (3.10.5) - (3.10. 7) similarly as in sec-
tion 8 we arrive at the following theorem.

Theorem. Let 1) )~(4) , n) .~~ constant > 0, C(0, n) ~ constant -
~ 0 and K(~’) .~~

-

~~
- constant - 0;

2) ,A , C and K be continuous functions of the ir own arguments, )~ and K being
continuously differentiable;
3) A (0-0, n) is non-decreasing and r(4), n) and g(l~, n) are non-increasing
functions of n;
4) w1 

-
~ w0 

> 0, T < 0 and sgn T
1 

— -sgnT .

Then the solution of (3.10.5) - (3.10.10) which satisfies the condition 4)(p) <
< 0, O~~p

<.(, 4)(p) —‘ 0 and p >~~<,. exists also ~inlquely.

From this directly follows the existence of a solution of the initia l system
(3.10.1 - 3.10.4). If we substitute in the found solution p — zr-l/2 we ob-
tain a solution of the init ial system (3.10.1-3.10.4) which satisfies the con-
dition t(z,’V) < 0, 0~~ z < g ( t~), t (z ,t )  > 0  and z >~~~ (t). The algorithm
for numerical integration of the problem under consideration with any given
precision consists of the following stages. First, using (3.10.6), (3.10.7)
and (3.10.10), by means of the majorant and minorant of (3.10.5) we find the
interva l conta ining the sou~~t value of O(. Being given its current value, -we
find the corresponding value of 1’ !.~ and , consequently, n(oc), after which we
integrate (3.10.5) from right to left, Depending on the sign of p(T ) obta ined
in that case (more or less than zero), we correspondingly reduce or increase

~ within the indicated range until we obtain p(T0
) — 0 with the prescribed

precision. It follows from the divergence of the integra l curves of (3.10.5)
that if the found solution at p — 0 falls into t. -- the neighborhood of • —

then at p > 0 it is known to differ from the precise solution by less
than £.~~~

The proposed algorithm can readily be accomplished with any electronic cOrn-
puter, and for that it is suff ic ient to use only standard programs for the
numerical integration of ordinary (second-order ) differentia l equations and
solution of the transcendenta l equation. In tha t case the coeff icient  of
thermal conductivity of the frozen ground, the curve of the unfrozen water
and also the coeffic ient of moisture transfer can be given in both functiona l
end in tabular  form.
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11. The Applicability of a Very Simple Self-Modeling Solution of the
Problem of Monotonic Freezing With Consideration of Moisture Migration
for the Investigat ion of the Freezing of Moist Finely Dispersed Soils

As was found in the preceding section, in a formulation sufficiently similar
to rea l condit ions (the phase transitions occur in the range of nega tive tem-
peratures and the heat and mass transfer characteristics depend on the tota l
moisture) the finding of a very simple self-modeling solution , without consid-
eration of heaving , of the problem of freezing with moisture mi gration under
the theorem conditions is reduced to solution of a limiting boundary-value
problem for a system of nonlinear differentia l equations. At the same time,
in a linearized formulation , with constant heat and mass transfer character-
istics of the ground , the problem is greatly simplified , and equations (3.10.1-
3.10.3) are integrated in explicit form. In that case a solution of the prob-
lem is sought as a result of solution of the transcendenta l equation to which
(3.10.4) is reduced*. The exceptional simplicity of finding a self-modeling
solution of precisely the linearized problem had the result that it began to
be widely used in frost studies (Zolotar ’, 1964; Fel’dman, 1969).

It can readily be seen, however, that the use of such a self-modeling solution
to investigate freezing with moisture migration , in contrast with the Stefan
problem, is far from always possible. Actually, as follows from section 10,
if the conditions ind icated in the formulation of the theorem are fulfilled ,
then for any values T0 

<- 0 and T > 0 there is a self-modeling solution for-
mally existing during monotonic h-eezing. In that case the interface in the
course of the time t. moves according to the law ~(t) —~~/ ~E ,  where o( — con-
stant > 0. During increase of T and T

I., 
and also increase of the initia l

moisture w1, the freezing rate (~hat Is, the value of O() will diminish , while
always remaining strictly positive, however.

Thus formal ly  during any selection of T < 0, T1 
> 0 and w w in the prob-

lem under consideration for all C > 0 there occurs an ~~~~~~~~~~~~~ the inter-
face in coordinates connected with the thawed ground8 However, this does not
correspond to reality, since at T values close to 0 and also rather large
va lues of T 1 and w1 - w , in the ~rocess of freezing there can be intensive

heaving with the formation of ice layers , during wh ich the freezing of thawed
groun d does not occur at all~~. It must be noted that the impossibility of
using a very simple self-modeling solution under those conditions is readi ly
seen also from the solution itself, As indicated In section 10, in the self-
modeling case the moisture in the frozen zone is determined by the value

where W’(o() character izes the influx of migrating moisture toward
the front of freezing at the given a’ > 0. In that case it is shown that thm
total moisture in the frozen zone monotonically decreases with incrsase of tX ,
and V’(O) > 0. lIt follows from this that in the problem under consideration ,
when the freezing rate decreases (x -~~ 0), the moisture Content (by volume)

*In that øase the condit ions of the theorem which assure the existence of a
unique such solution, evidently, are automatically fulfilled.

** This will be demonstrated rigorously below, in section 12.
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in the frozen zone increases unlimitedly, which is impossible. As will be
shown below, that contradiction is connected with the exclusion of heaving
from the formulation of the problem.

Thus the formal app lication of such a self-modeling solution to investigate
the process of freezing with moisture migration can lead to absurd results.
The appearance of works devoted to specific palcu lations of practical impor-
tance of the amount of heaving in the process of heat and mass transfer during
the freezing of dispersed media by means of a very simple solution has the
result that the Investigation of the possibility of application of such a self-
modeling case becomes essentially necessary.

We will examine the area of applicability of a very simple self-modeling so-
lution for monotonic freezing to investigate the influence of moisture migra-
tion on the process of freezing under real condit ions. For convenience we
will turn to the symbols of section 8 t, t, itt’) , y(fl, w and w. As was
shown in section 9, in different cases of freezing with consideration of
moisture migration (monotonic freezing occurring without heaving of the freez-
ing ground or accompanied by slight heaving with the formation of a micro-
sch l leren texture, and also during the formation of ice layers of finite
thickness) the behavior of w[y(r),tj is essentially different. In connection
with that the determination of the area of appl icability of a very simple
self-modeling solution is reduced primarily to examination of the question
of the cases in which there is fulf i lment of the condition w[y(’C),t ] 5 w
which is taken as a boundary condition for the equation of moisture con- 0

duct ivi ty  in a very s imple self-modeling solution at any T 0 0 and T 1 
> 0.

In that case, naturally, it is assumed that the conditions assuring self-
modeling of an ordinary Stefan problem (for example, T , T1 and w1 

are con-
stants and, consequently, the absence of water-bearing horizons, etc), do
not occur.

At the present time it is generally considered that the potentia l P(z,’t) of
the forces acting on moisture at each point of the ground in the process of
its freezing is an unequivoca l function of the moisture content, In that case
in the frozen zone the potentia l, generally speaking, depends on the ice con-
tent at the given point. Thus In a very simple self-modeling formulation it
is necessary that P[y(t),r] — constant and t~> 0. From obvious physica l con-
siderations that condition has the result that, regardless of whether the po-
tentia l i~ a continuous function or variqs abruptly during transition across
the interface, it happens* that P[~ (t)~~r] — constant and t > 0. By the same
token, in the self-modeling case w[t(r),t] — constant, that is, the water con-
tent by volume in the liquid phase on the mobile boundary of the frozen zone
in the process of freezing must rema in unchanged. Obviously this Is equivalent
to constancy of the content by volume of the unfrozen moisture w*(t) at z —

It can readily be seen, however, that WIz_~(t) 
— w*~0) does not depend on the

moisture saturation of the ground only at w[g(t),t] <dv . Actually,

*If P varies continuously during the transition from the thawed into the fro-
zen zone, then P[y~~t),t] — P[.f(r), -r].
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we will use w**(t) and t~~ 0 to designate the content of the unfrozen water
by weight. As is known, at a fixed temperature w~~ is practically indepen-
dent of ~ and is a characteristic of the given ground. If in a certa in vol-
ume of frozen ground at t — 0 the tota l moisture volume is equa l to 

~~~, the
volume of the skeleton of the ground per unit of volume is equa l to I - v at
v > w and I = w at v > w . Consequently,

p p p

- ~~ J (0) (1 - - v) ~~~, (Cl i i  V >

w” lO) (I - - - w ) ~~, C. Th ~~~~

where ~ — constaot < 0 is the correlation of the densities of the skeleton
of the ground and water. By the same token w*(0) is the characterist ic of
the ground only at ~ w .

Thus constancy of w[~~(t),t] and , consequently, of w[y(t’), TJ =  w0 is possible
only when the total moisture forming dur ing freezing with moisture migration
satisfies the condit ion w [~ (T),C] < w , that is, there is no heaving. If ,
however, w[~~~(t’), t ]  > ~ , then v[y(r)1P~ ] varies in the course of t ime ,
being an increasing func~ ion of the difference w[J(t’),r] - v • At the same
time (Melamed , 196~)_th2 requ irements enumerated in the theor~m conditions
(section 10) for ~(t, w) and C(t, w) at t ~ 0, which assure f i nd ing a uni que
solut ion of the problem of freezing with migration, are practically always
realized and are not l imi t ing.

Sununing up the above, one can say that if the solution of (3.10.5 - 3.10. 10)
obta ined in accordance with section 10 satisf ies condition ~~ (p) < w and
p ~ [0 , ~ ] it actually is a unique self-modeling solution of the pro~ lem of‘monotonic freezing with migration . Because of that the corresponding solution
of (3.10.1-3.10-4) can serve as an effective and fa i r ly  re l iab le  instrument
for investigating that problem which makes it possible to determine the quan-
titative regularities and estimate the role of each of the numerous factors
of the process, and also forecast and opt imize the process for purposes of
control. At the same time the use of such a selfaiiodeling solut ion for cal-
culit ing the amount of heaving of the ground during freezing is impossible.
The application of that solution for the investigation of a rea l process in
tha t case inevitably leads to error s which in the course of t ime increase
substant ial ly  (because of disruption of the formulat ion of the problem).

Thus, in studying the influence of migration on the process of freezing under
rea l condit ions by means of a very simple self-modeling solution it is pos-
sible to investigate only those grounds the in i t ia l moisture content of wh ich
does not surpass the heaving threshold under the given conditions.  Let us
note that finding the value of the latter as a funct ion of the boundary con-
ditions of the heat and mass transfer characterist ics also is readily accom-
plished by means of that solution (sea Chapter 9). If one takes into consid-
eration the complexity of the problem under considerat ion in the general for-
mulat ion and also the fact  that the ‘va lue of the heaving threshold is of enor-
mous practical importance, it is difficult to overestimate the role of the
obta inec very simple self-modeling solution in investigating the freezing of
f inely dispersed systems .
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Along with that it must be emphasized tha t attempts to use in a similar manner
the self-modeling ~o1ution of a l inearized problem (when the character istics
of the medium are constant) even in the absence of heaving can considerably
distort the picture. Actually, in finely dispersed grounds C(t, v) is a
sharply varying function of temperature with a maxima l va lue greater by an or-
der of magnitude than the value of the addit ive heat dapacity. Therefore the
replacement of the effective heat capacity by a constant one changes the so-
lution of the therma l part of the problem and , consequently, also the problem
as a whole . Still greater error is involved by replacement of the constant
coefficient of therma l conductivity, which with increase of the moisture con-
tent increases by several orders of magnitude. Finally, the results of the
solution are substantially affected by variation of the coefficient of therma l
conductivity of the frozen background as a function of the degree of moisture
saturation.

Thus the use of a very simple self-modeling solution of the problem of mono-
tonic freezing with consideration of moisture migration toward the mobile front
to investigate the process under rea l conditions is possible only under certa in
condit ions, when in the process of freezing a massive or microschlieren cryo-
gen ic texture forms. In addition , in the given case, examination of the prob-
lem In an essentially nonlinear formulation is far more obligatory than when
a self-modeling solution is used in an ordinary Stefan problem , since use of
the solution of a l inearized problem even in a qualitative investigation re-
quires preliminary determination of the values of characteristics of the medium
effective for the given conditions.

12. Self-Modeling Solut ion of the Problem of Freez ing With Moisture Migration
With Consideration of Heaving and the Formation of Ice Layers

The above-examined self-modeling solut ion, in spite of all its simplicity and
effectiveness, cannot be used to solve questions , very important from the
point of view of histor ica l and engineering frost studies, connected with
heaving and schlieren formation. At the same time, some genera lization of
the method described in section 10, connected with the introduction into the
equation of therma l conductivi ty for the frozen zone of a term describ ing the
movement of the frozen zone in connection with heaving, makes it possible to
obtain the corresponding self-modeling solutions both in the case of monotonic
freezing and during the formation of Ice layers. Let us note that during the
examination of freezing with migration in the genera l formulation (section 9)
the movement of the frozen zone during heaving is taken into consideration
through corresponding change of the start of read-off in the frozen zone in
comparison with the thawed.

1. The problem of the freezing of finely dispersed rocks with consideration of
heaving and ice layers in a self-modeling case has the following form. It is
required to find the functions t(z, t), ~ (z , 1’) , w(z , 1’), h(C ) and y(t) satis-
fying the conditions*:

*For simplicity the volumetr ic expansion of unfrozen moisture is excluded f rem
consideration.
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C~~ (t ~) -a-- ~~~(t , w) ~~ -f - h’ (1) ~~~~~~~~~
dz

(3 .12 . 1)

LL a~
_!

~L , z >y ( t ) , t > O , (3 . 12 .2)
~3j*

z > y( t), r>0 , (3. 12 .3)
cit c12 ci~

I I y ( t ) ,  t
~ 

. 1~ y (t) ,  t J  = t~~. t [ — h ( v) ,  ~ T0, ~~> 0 , 
(3 . 12 . 4)

t ( z , 0) ~T1, w ( z , 0) w1. z >y (O), h(0) —y (O )  ~- 0 ,

w (y (~) .  
~~

- =  
I N ( K~

) _
~~) -1- rn~ ’( t ) J .  1>0 ,

It — - y ciz z=y(t)

(3.12.5)

-
~ (m — w 11) y ’ (t) ~~~F ( t) , F ( t) > 0 , t > 0 .

Ji (i) = . /

0 , F ( t) < 0 ,
(3 .12 .6)

On the mobile interface (at z — y(C)) one of the following conditions is ful-
filled :

l i t , w( y ( t) ,  t)~~~=- Qy
’

(t ) ,  w ( y ( t) ,  t ) =w 0, ec~m I ( t , w,~) >0,
(3.12.7)

l [ t , w ( y (t) ,  t)1 _~0. y’(t) 0, ec iii l ( t , w,) < 0.  (3.12.8)

Here — —
l [ t , w ( y ( t) ,  t )~~~~ ( ) ~ (t , w )_ _)  — L O --

ciz z~ -y(t) (
~Z

X1 >X .~~~ A 2 >0 , C1 >~~~~>~~~ 2 >0 ,
C1Z /~ -~~(t)

K1> K ~ K, >0,

where C is continu ou s and ~~and_ K are continu ously different iable functions
of their arguments , T , T 1, )~ , C 1, Ki, i — 1, 2 , w0 , w1, w , m and to are

constants , T0 
< t , T 1 

> t , 0 < w*(0) < w0 
< w 1 

< w < 1, A , Q, IL , V and

-- constants > 0, m — V(w
0 

- w*(0)) + w~. As above, without limitation

of generality we will assume that t0 
— 0. Henceforth we will assume* that

0< m < w
p

It is obvious that at w — w1 system (3.12.1-3.12.8) is reduced to the knownself-modeling Stefan pr8blem (section 8). In addit ion, problem (3.12.1-3.12.7)

*At m > w , when heaving occurs at any surface temperatures, the problem is
s imp 1 if i~d.
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at hCt) = 0 and “C -
~ 0 was examined in section 10. Finally, the solution of

(3.12.1—3.12.7) at I(t, w ) — 0 also is a solution of (3.12.1-3.12.6 and
3.12.8) at w(y(t’),t) — w°. Demonstrated below is the existence of a unique
self-modeling solution of °the problem under cons ideration which satisfies,
depending on the boundary conditions , (3.12.1-3.12.7) or (3.12.1-3.12.6 and
3.12.8) at all t~ > 0 and such that t(z,’t) ‘- 0, z ( [- h (t ),  y(-t.) 3, t(z,-i ) >
> 0 and z > y(

~~
), In that case the requirements for the given problems re-

ma in the same as in the proposed h’(t) — 0 and t> 0 (theorem , section 10).
As a resul t  of the investigation an a lgorithm was proposed for f i n d in g  the
indicated solution with any prescribed precision.

2. In contrast with section 10, where a self-modeling solution formally ex-
ists under any boundary conditions, in the given formulation , besides finding
the solution itself, the question arises of the conditions of existence of
self-modeling solutions describing the freezing and formation of an ice layer
respectively.

We wi l l  examine a cond ition assuring monotonic freezing, that is, the existence
a self-modeling solution of (3.12.1-3.12. 7) at all t > 0.

We will introduce the designation p z/ ~f f .  We will seek the function ~
(p) ,

~(p) and’V (p) and also the constants ~ ~ 
0 and ~8 � 0 such that t —

t — 
~

(p) , w ~ 141 ft ) ,  y( t )  i/ it and h(t ) ~Q/E are a solution of (3.12.1-
3,12.7). From (3.12.5) and (3.1 2.6) we have

2v1( (za g) 
~~
‘ (a) ÷ (in — w~) , P (a) > 2vK ’.~ ) ’

0, II” @) ‘~~~~~~

(3 .12.9)

ii (a) = _—
~~~ — I2~K(W0)W (a) -~ ,iza J ,  —

~~~ <p  a.
(3 . 12. 10)

As a result , system (3.12,1-3,12. 7) is reduced to the fol lowing system of
nonlinear ordinary differentia l equations

-f- r (p, n ) p ’2 : - g(~ , iz)p ’2 (p.+ ~) ~<p < a , 
(3.12 .11)

q ”~~~g0p ’p ~= 0 , p > a , (3.12.12)

~ (- --~~)~~~T0, ~ (a)=~~(a)~~ O. ç (o o) = T 1 (3 . 12.13)

L a(1~)4~’
2 

~~b(~ )~~’p -~ 0, p>a, (3.12.14)

~~~w0, ~~(oo) -.~ W1, (3. 12.15)

where 
r — ( 1n ?~)~, g -= ~~‘2?. , g0 (2a)’, a = (In ~~~ b (2K)—’.

In the future we wi l l  sometimes use the designation
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( )  ~ (p) , — ~1 (z )  ~; p <

( p) ,  fl (L.

In that case at the point p — ~(. (4) — 0) the coefficients of (3.12 .11-3.12.12)
lose discontinuity of the first kind , 4)(p) is continuous , whereas i’(p) In
accotdance with (3.12. 7) has a discor.t inui ty determined with  the corre la t ion

,z (a)) ~~
‘ (cx —0) ?

~~~~
‘ (ii 0) — I L K (w 0 ) i~~’ (r i)  I Qu.

(3.12 .16)

It follows directly from the indirect uniqueness theorem that , if ~
“
(p) exists ,

then ~~
p) ~ 0, p ( [ 4,  xi, ~ (p) ~ 0 and p >tt( . Proven below upon the assump-

tions of the theorem (section 10) with respect to r and g is the necessary and
suffici.n t condition of existence of a unique solution of (3,12.11-3.12.16)
such that $(p ) < 0, p (- [ -f ~, os.] , ~~(p) > 0 and p >~~~.

3. The problem under consideration, described by (3,12.11-3 .12.16), represents
a non linear limiting (in the sense of conditions for cc) boundary-va lue prob-
lem, for the numerical, integration of which the asymptotic behavior of the in-
tegral curves must be investigated. In connection with the need in the examin-
ation of the solutions of (3.12.11) and (3.12.12) to take (3.12.16) into con-
sideration , and also with the fact that n(~~)and f (o() depend on 141’(D ), at
first, quite analogously to the case ~~~~~ 0 (section 10) an investigation
is made of the integra l curves (3.12.14). As was found in section 10, at any

~~~ 0 there is a unique solut ion (3.12.14) under cond itions (3.12.15), and

~ ‘(v(.) > 0 and f inally is a continuous monotonically increasing function of ~~~~,

> 0 and p > o(. In the same place a simple a lgorithm is presented for
solv ing (3.12.14) and (3.12.15) with any prescribed precision at any o( ~ 0.
In addition , in section 10 it was demonstrated that ~(~ ,)q( 1 is a monotontc-
ally decreasing function of DC.

We will now examine ~~—~~ (o~)and n — n (C<). For that purpose we will examine
the equation

ip’ (n) w,, --- (31 0 17a 2vK(w,)

It is obvious that at o( ~~‘ 0 there exists not more tha n one root X* of (3.12.17).

The equation of the curve 1)*(p) majorizing çminorizing~ the solution of
(3.12.14) at “V*(D() — “4’(K) — w1,, “4~

’*I(oc) — V ‘(p0 — > 0 has the form

b~~~ p - 0, (3.12.18)

where a* and b* are certain constants which sa t i s fy  the conditions a ~ a(’i4r),
0 < b* ~ b (’9~) (a* > a (”4 1), b* > b(~4 f ) ) .

Fr~~ (3.12.18) under condition s (3.12,15) we obtain directly
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( a )  ‘
~~~~~~ ~~~~ 

- -- - ( -  1.~. 1~l)

At any f ixed va lue of~( -
~ ‘ 0 the va lue of \~“(o() is bounded from below and

above by the corresponding values of the slopes of the majorant and minorant ,
determined wIth (3.12.19). Hence it follows that during change of o< from 0
to cr the left side of (3.12.17) monotonically and continuously decreases from
cc to a certa in positive value bounded from below and above by the values
(a*) 1b*I exp la*(w1 

- w)} -1] respectively at

~- f uf ~J ( 4 ) ,  b ’ _ -. b  f t f f ! (~f )_ ô  ~t u

b~ ~~~~ b~~ ) -
~~~~. óE(0, ~~Ii b ( if l) ,  .4.c~ L’~. ~~~~~~~

Hence oflQ can readily obta in a sufficient condition for the ground to be in
danger of heaving at the given natura l moisture content. Actually, if we
take (3.12.17) into consideration , we find that if

- r n  C\p (~~l Z~J }T1

2vK (z. ,) b 1

then a* does not exist, (~(.() > 0 at any ~~> 0 and , consequently, in thegiven ground heaving will occur under any condit ions of freezing. But if

iii ~ ~P ~ ~~~~~~~~~~~~~ 
—

then K .k ~
. 0 is known to exist , that is, ~ (o~) ~ 0 at all a > o~~ , f? ( o ) > 0

at o( ( [0, a*]. In that case a “threshold” temperature of the surface T~ will be
found at which at! all T ~.T* heaving will be absent, whereas at T ~ (0, T*)
heaving occurs. Since ~ O

.*,(~~~~) is a monotonically increasing continuous
function of ~< , then by virtue of m + 1 > w from (3.12.9) it follows that

+ ~3 (Oc ) monotonically and contdnuously in~reases with increase of ~~~~.

Hence in accordance with (3.12.10) we find* that n(~c’) is a monotonica lly de-
creasing function of O( at a ~ 0, where n(0) — 1.

4. Now we will examine the integra l curves (3.12.11) and (3.12.12). From
(3.12.11), using the uniqueness theorem, we find indirectly that if • (p) isa certa in s2lution of (3.12.11) then ~ ‘(p) does not change sign at p~~[-~~(~~

) ,

~
]. sInce 0 — constant satisfies (3.lLll) at + ( - 13 )  — 0, then from (3.12.13)

1 
we have ç’(-~3) -~ 0 and, consequently, 0t

~~1 
-‘0 and p ~~[-~3,oC]. From

(3.12.12), if we designate that q — (2a0Y , we have

~~
‘ (p) . q/ ’ (a . 0) U~~~~) {q~ (a

2 -- p2 ) ) ,

‘~ 
(p) w ’ (a I. 0) - .~~ (q ~(a 2 -.- .s2)) ds , p> cc . (3 . 12. 20)

*If ~~~~ exists, then n(o() is examined separately at O( > A~ * ( in tha t case
n( K )~~ w )  andx6[0,K*).
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from which it is evident that~~ ’(p )
~~pes not change sign even at p >0<. From

this follows the existence of p — p~ D) -- the inverse function of 
~~(p), wherep (O)  �.. In addi tion , it follows from (3.12.20) that d~(cc) exists also fin-

itely, and

) ( L )  ~I iI (t/ ~~~t) ~~~~~~~~~~~~~~ (.
~ 

2 21)

Since , as in the cases examined earlier (sections 8 and 10), the condition
> 0 by virtue of (3.12.16) is not sufficient for fastening at p

nf the integra l curves (3.12.11) and (3.12.12) satisfy ing (3.12.13), the ex-
amination of ‘~ (p) will b

e conducted by in tegra t ion f r om r i ght to left.

We w i l l~prove that the integra l curves (3.12.11) and (3.12.12) under the con-
dition ~ (cc) = T

1 
do not intersect during movement “backward ” We will examine

I — 1 and 2, sa t i s fy ing  è1(cc)  = T
1 
and è~(o~) 0. For definiteness

let 
~~ 

>
~~ 2~ 

It follows from (3.12.20) and (3.12.21) tha t 
~ 1 (p) ~-~~2(p) at

p >
~~~~

•

Since ~~~~(0<~ + 0) > 0 and , in accordance with (3.12.16), 
~~~~~~~~~~~~~~ 

- 0) > 0,

then ~ 1
(p) < 0 at 

~ ~ ~~~ 
0(
1
), from which that 4)

1
(p) 

~~ (p) In the given
interval.is known.

We will designate that z — p + f 3 ( o )and v(z) = ~ (z - f 3) .  Then from (3.I..ll)
and (3.12.13) we have

v” (z) - ! - r ( v , , l)z 2 
—~ g(v , n) z ’z 0,

0 ~T_ :< a I~ 
(a) , v ( 0 )  T,, v (cc ~ (a)) 0. ).~.12. 22t

We will transLorm (3.12.5), taking into consideration that z — z(v) (existence
follows from ~P”

(p) > 0 and p > _ (3) .  Then

:‘ (i’) = r (v , 
~~~~~ 

. g(a ’ , ~~ :
‘
~~~~ . ((1222)

L~~ na 1 occurs, Let z1
(v), 1 — 1 and 2 , be solut ions of (2.16.23) under the

g iven ini t ia l condit ions , where z 2 (0) ~~
. z

1
(0) -~~ 0, z1(O) ~ z

’ (0) -> 0, and

[2 1(0) - 2
2
(0)] + [z ’ (O) - z ( 0)j  ~‘ 0. Then, if r and g are nonincreasing

functions of n, then at all v < 0 at which 22 ~ 0 we have z (v) < z2(v) and
z~~(v ) > z (v). 1

The given lema is proven quite similarly to lenina 1 in the work of V. G. Mela-
med (1969).

From (3.12,16) and (3.12.21) we have

z ’ (0) = 3~ (0, ~) { 2r~ 2.0 
. ~~~~~ (w e) ~~

‘ (a)  
. 

÷ 
Qa} .

(3 . 12 .2
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Since exp~~~’j’ [l - erf(~~)j is a monotonically decreasing function of oc , then
from (3,12.20) •‘(Qc) is a monotonically increasing continuous function of ~ at
a given T

1. 
Hence at c”~ 0, as follows from point 3, z’(O) decreases mono-tonically and continuous~ y with increase of O( at the given va lues of T

1
, w

and w
1, 

remaining larger than zero.

5. We will examine the family E
1 
of the integra l curves (3.12.23) correspond-

ing to the given va lues of~~ ~ 0 anu those of z’(O) obta ined from (3.12.24).
Let v~ (z), I — 1 and 2 , be the curves of the family E1 

corresponding to 0(
1
< 

~~~In that case, as indica ted above, 0 + 13(O ) <P ( + (~~(i*~ ). Then , as
z~,(0) -‘ z (0), it fo l lows  f r om lennna 1

l that during decreaJ of v the curves of
E
1 
diverge. In that case, since z(v) .~~ 0 Is a solution of (3.12 .23) at z’(O)

— 0, f or curves of E
1 
we have v(z) ~~

- 0 and v ’(z) -~ 0 at 0< z ~ +(3(tx).

The equation of the curve z*(v) majorizing the corresponding curve,,E under
the conditions z*(0) — ax,. + (3(Q() and z*’(O) — z ’(O) has the form z*(v~ Rz *t +
+ Gz ’2 z*, where R and G are certa in constants , where R -

~~~ r(v, n), 0 < G g(v, n)
at all v ~

- 0, and z ’(O) is determined in accordance with (3.12.24). In that
case the furnc t ion

( :)  = - 1o I — .  ~ X~ ) (1 ~) ‘L  - -

Z

majorizes the corresponding curve of (3.12.22). Similarly (R o~ r and G >g)
the majorant of (3.12.23) and minorant of (3.12.29) are determined. It can
r ead i ly  be seen tha t, in contrast with the case ~3(0 ()= 0, solutions of (3.12 .11-
3.12.16) do not exist at any va lues of the initia l data.

I t  follows directly from lenina I that a necessary coadition of the existence
of solution (3.12.11—3 .12.16) is condition z(t )~~ 0 (that is, p(T )~~ (3 (o)at ~ — 0, Henceforth for brevity this condition will be called co~ di t ion 1.
We will prove that under condition 1 the curve v*(z), determined with (3.12.25 )
at o( — 0, R 6 r and 0 G < g, satisfies the condition T v*(0) < 0. We
w i l l  examine (3.12.25) with the ind icated values of R an~ C under the condition
v*(0) — T • It is obvious that in that case (3.12.25) is reduced to a trans-
cdndenta l°equation with respect to ~< • Since o( + (~(0( ) and v ’(p(+ (~(~~

) )
are monotonically increasing functions of 0< , the right side of (3.12.25) at
z — 0 is a continuous monotonically decreasing function of 0<, larger than T
at 0< — 0 under condition 1 and not limited from below. Consequently, under°
condition 1 a sOlution of the indicated equation 

~< exists and is unique ,where K -‘ 0. We will examine the set E of those va lues Xat which the
integra l lines (3.12.22) intersect the axis z — 0 at v ~.T. That set is
not_empty because of condit ion 1. At the same time, E2 

is limited from above
by O( , since ~ ( T )  .-‘ 0 at o — Q( 

• It follows from the continuous dependence of
the solutIon of (3.12.23) on the init ia l condit ions that the precise upper
boundary K of the set E2 belongs to E2

.

We will prove that the solution of (3 .12 .22) v(z ) corresponding t o 0<  — -0< cannot
intersect the axis z — 0 at v -‘ T • Ac tua l ly,  let v (0) ~ T • Since ~ ‘(0) 

>

0, in a cersi~ân left half-neighbo~hood of the point we have °T <~~ (z) < ‘~ (0).
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From this is found a’. < .( such th~i t the corresponding integra l curve of (3 .12 .2 2 )
also intersects the axis z 0 at v -> I , which is impossible .

And so 0 ~~
- . 

~. and ~~(0) — T • Since at the given value of 1
1 

f r om (3.12.22)
z’(O) is a cont inuous and mon gtonic  f u n c t ion of 0< , then under condi t ion  I
f rom the d ivergence of the integra l curves of (3.12.22) it follows that for
any T

1 
> 0 there exists a unique value0’.. °

~2 
- 0 such that v (0) = T . Thus

the following theorem 1 has been proven.

/theorem 1/. L~ t at~~ 0~~he solution of (3.12.11-3.12.16) satisfy Qondition
1. Then, if r(~ , n) and g(~ , ri) are nonincreasing functions of _n, c(~ , n) 

->

constant -‘ 0 and A (~ . 
n)  ~ constant  > 0, where c is cont inu ous , ~A and K are

continuously differentiable functions of their arguments and ,A ’ - 0, then a
solution of (3 ,12,11-3.12.16) ex sts and is uni que under the g~ven boundary
conditions. However , if p(T ) -‘ -(~(K.)ato(— 0, no solut ion of (3.12 .11-
3.12.16) exists.

6. The conducted investigation makes it possible to propose a simp le algor ithm
for numerica l solution of the problem under consideration if p(T ) <
atp (= 0*. At first from (3.12.25) at z 0 and v* — T is found ~~~, after which
the solution of (3.12,11-3.12.16) Is readily determin2d by theninethod of divid-
ing the segment (0, x) in two. Assuming at first that  o( — if~~ , we integrate
(3.12.14) under the conditions (3.12.15) to find the corresponding value of
)Y’ (~O and then, having determined ~3(o ), n(0<)and~~~’(oC) respectively in ac-
cordance with (3.12.19), (3.12 ,10) and (3.12.16), we will integrate (3.12.10)
from right to left, assuming that p — p(

~~

’

).

Depending on the sign of p(T ) + (~(o( ) obtained in tha t case (larger or small-
er than zero), we corresponding ly reduce or increase o( until we obta in p(T ) +

— 0 with the given degree of precision.

By virtue of the cont inuous dependence on the In i t i a l condit ions on the f i n i t e
segment T E 0 the solution of interest to us can thus be calculated with
the prescribed precision. In that case it follows from lenina 1 that if at
p - -~s(0<) the found solution enters ~ -- the neighborhood of — T , then
at p — -~~ it will differ from the true known va lue by less than ~..

7. We will now examine the self-modeling solution of the Init ia l problem in
the case where condition 1 Is not fulfilled and , consequently, monotonic freez-
ing cannot occur. We will prove that when condition 1 is not fulfilled there
Is a unique self-modeling solution of (3.12.1-3.12.6) and (3.12.8) satisfying
t(z, r)  0, z ( [-h(’r), 0], t (z , r )  > 0 and a > 0, where w[0,t] ( (w , w1)
andt .> 0 ,

Similarl y to point 2 we will seek functions i,’(p ), ~(p) and~~(p) and the con-stant ~ 0 such tha t t — 
~~

(p), t — ~~(,p ), w — “4’(p) and h(r)~ pç ~v) are a
solution of (3.12.1-3.12.6) and (3.12.8).

*It is known that if P(T ) — f3 (c ) at c( — 0 then the solution corresponding
to *( • 0 k, the sought one.
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Since at y’(~~
’) 0 from (3.12.5) and (3.12.6) we have w(z) — 1, z ( [-h(T~) ,

Q~ and h’(t).’ V(K (w) dw/~ z)  
~~ 

where w(0,t’) has not been determined in
advance , then (3.12.1-3.12. 6) ~~~ (3.12.8) are reduced to the following sys-
tem of differentia l equations :

- p) - r ( , ,  I )‘, p) ;~ ,. I) J ’ (p ~~ ~. — -
~~~ I’ -

~~~ U ,

(. 1

( P )  H ~P ) I ~ ~. p >0, ~~~~ 1227)

) U)  ç (0) U , ~~) H ~
) Tu~ (2 . 1 2  2 - , )

- , 
(‘
~~ 

,
~ 
)
~4) ~ 

- - 
f ’ )  b (

~~) i~ 
- ) )  p 0 , p >~

}, - ( . I 2 20)

-‘ ) t.:,1. )-) . I~~~~:(O

i.(U , I ) ’ O) -?.~~~~~ ) J~ ( K ) 1 f~~~( / f ) . ~ -

~~~~~~ 

) . ( 1 2 2 1 )

It is essentia l that in (3.12.26—3.12.31), In contrast with (3.12 .11-3.12 .16)
P(~)(o)) , I t  is obvious that the investigation of (3.12.26-3.12.31) at

an arbi trary  fixed value of 41(0) ( (w , w 1
) is conducted quite similarly to

the examination of (3.12.11—3 .12.16), In part icu lar, the integra l curves of
(3.12.27) and (3.12.28) at the ind icated values of ‘~4.I (O) satisfy the condition

> 0 and p ~ 0. In addition , I’-C cc ) also exists fin itely, and a solu-
tion of the corresponding limiting boundary-va lue problem exists and is unique.

We will introduce the designation K(14/1) , ~(‘(p) v1(p) and p - 0. From
(3,12,29) we have

~~, (p) — ~~~ ~ 
p )  p . p ) 0 . ~3 . 12 . (2)

Lenina 2 occurs. Let ‘
~~ (p), i — 1 and 2, be the solution of (3.12.19) under

the conditions

i~~(0) >t(0), ~‘ (O) > ~~~~ [4~(0) - i)HO)1 - k1(0)- - -V ~ (0)j2 0.

(3 .12 .22)

Then 
~~2

(p) -‘ ~~~
(p) and p > 0.

Proof . Let us assume the opposite , that Is, that there exists a point p1 
-. 0

very close to p — 0 of intersection ~~~p) and ~2(p). It can readily be seen
that there exists a half-neighborhood p 0 in which ‘~V2 (0) >

~ 1~l
(0). Actually ,

if 
~~~~~ 

— )~~(0), then from (3.12,33 ) we have ~
I
2 (0) -‘ 1J

~
(0). But if

-‘ *‘I (O) . the statement is obvious .

Thus, ‘~
1
1

(p) < 
~‘2(p), p (- (0, p

1
), ~~1

(p
1
) — 9)

2
(p

1
) and 

~
i
1

(p) > 
~‘2(p) and ,

consequently, v
1
(p

1
) ~. v 2 (p 1). It follOws from (3.12.32) tha t

~~
. (p) — 

~
.‘, (p) ~ . 

.__L p i~~; (p) —— 4~ (p) ) . ~3. 12 .34)
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If we integrate (3.12.34) in the range from 0 to p 1, 
by virtue of (3.12.33)

we have

0 :- . (p1 
~~~ 

(p 1) - - 
~~(0) - ~ , (0) --

~~~s I~ ; (s) — - ~ (s)’!ilc

- (s) ~~ (.c ) J I J S > Q

which is impossible. Lemma 2 has been proven.

8. Let1~
0 
( (w , w1

). We will use %I(p ,~)
0) to designate the integra l curves

of (3.12.29) and (3.12,30) satisfying the conditionV(0) — ‘V . We will a1sg
designate that ~f(p,’P0) — K(’~’(p,~~”~Y*’(p,’P0). It is obvt~us that (p,~~~

)>
0 and p ~~- 0,

Lemna 3 occurs: ..j.(Q,~~,0) is a strictly monotonic decreasing continuous func-

t ion of V 0. Proof. Let ’4’?, i — 1 and 2, satisfy the condit ion w

< w
1
. We will examine the set F

1 
of values of v(0) such that the cor-

responding integra l curves of (3.12.29) ”4’
2
(p) andl’

2
(0) .‘~‘t’~ intersect wi th

That set is not empty, since at v(0) — 0 from (3.12.29) we have

i~ (p) — and according to lenina 2 Is limited from above f(o ,N”~). By vir-

tue of the continuous dependence of th~ solutions of (3.12.29) on the initia l
conditions the precise upper 8oundary v(0) of the set F1 

belongs to F
1. It

is obv ious that ~~(0) < j(0,~4’1 
).

We will prove that the integral curve of (3.l2,,19) 1’ (,p) and ‘V2 (0) 1’~
corresponding to v(0) satisfies the condit ion ~\f’.,(p) ~‘Y(p, ~4” ) and p > 0.

~ctua~~y, let p2 
be the point closest to p — 0, ~here -‘fr (p, 

~~
‘?

~~
‘ Physically,

~ 
(p, N”) is the f low of moisture at the poin~ p at w(O, ~) ‘* Q, It is ob-

vious that -‘ 0, where l’~j(p2
) <l”(p2, 1’~). From the ord inary uniqueness

theorem!~ (p
2
) <‘1’’(p2,”Y~) and , consequently’f’2(p) ‘F’(p, Y?).in a certa in

- 
right half-neighborhood of the point p 2. However , then , by vir tu e of the~con-
t~lnuous dependence of the solutions of (3.12.29) on the initia l conditions v(0)

f - is found, belonging to F1 
and such that v(0) -‘ v(0),  which is impossible.

Thus 
~
‘
2~~

’ ~ ~ w1
. We will show that ‘I’~(a~

).. w
1
. Actually, let~

’f’
~ (co)�

-> w • Then by virtue of the continu ous dependence of the solutions of
• (3.12.29) on the in it ia l conditions one f inds ‘~~ (0) < (0) such~ that the

corresponding integra l curve of (3.12 .29) 1P’*(p) and l *(O) ..lf ~‘ also inter-
sects ’f — v

~
, which is impossible.

Thus,l’2(p) ..1~~(p, 1.1~ ),p ? 0, ~ (0) — (0 , ) ‘f (
~
, ’~?~~ 

We will now

prove that 1(0 ,’t1~
t
~~~~~

0,’1’?). etually , tet)(0,’Y~) — f(o , *‘~). Fr om

“
~? - “V~ ~ w1 follows the 

exist of the point p0 
) 0 such tha t

— V ~, where ~~~~~ ~v?) ‘ Q and p * [0, p0]. Then from (3.12.32)

we have f(p 0~ ‘~‘?~ ~~f(0,1’~~) and , cons equently , W ’ ( p0 , )~‘W ’(0 , ‘f~).
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4

Sim i larly to leuuna I it can ~feadi1Y be found tha~ the integra l curve of
(3.12.29) ‘~‘0

(p),~+”0(p0) l1’2, ~~~p0) •‘f ’(o ,’1~’) satisfies the condition

~ (p 14: ) > ‘10 (P) > ~4: (P. i4:~), p> 0. (2 . 12 .35)

It follows from the uniqueness of the solution of theliliniting boundary prob-
lem for equatiqp (3.12.29) that ’-r0(cc)?~ y • Then from (3.12.35) we find

that ”I’(a , N’~~) > w1, which is inrpossi~b1ie.
Thus it has been proven that ~ (0,”V 

0) is a decreasing function of ’?°. From
(3.12.32) at-the va lues of ’1’° under cons ideration it follows that’~~’(p,’r 

0)

and , In accordance with (3.12.29),’~’ (p,
~
4t 0) are limited to a certa in right

half-neighborhood p — 0. As a result, from the contrary we find directly that
..f~(0,Nro) is a continuous function of ”l’°. Lenmia 3 has been proven.

9. We will examine the integra l curves of (3.12.26) at a fixed value
We will transform (3.1.2.26) and (3.12.31), consider ing that p p(~ i (the ex-
istence of p — p(~) follows from point 4). Then

— r ( q ~ l)p ’ - )-g(p, l ) p ’2 [ p  1
~~(’1iiI, T0 < ~ 

.
~Z 0, (3.12.36)

p ’ (0— 0) -. ?. (0, 1 )[?.(O)qf (0) - 1- l.L(2v) H 
~( (i4:~)J~ ’. (3.12 .37)

We will examine the family F9 of integral curves of (3.12.36) at p(O) 0 and
the va lues of p’(O - 0) obtaIned from (3.12.37) at the given va lues of
We will use p($,1’0) to designate them. Let ~~~~~~~~~ i — 1 and 2, be curves
of the fami ly  F2 corresponding to

~~~~~~~ ~:?< ~~~~~ 113 (3.12. 31) ~ (~‘P?) >f3 (4~). p
’ 
(0, 14:?) < p~ 

(0 , i4:~~~

Similarly to the proof of lenuna 1 in that case we find that p(~, ‘f~~) >

> p(4l,M~ ~) ,  p ’(
~
,’i?) & p ’(4 ,11 ~) at a l l  4 ~ 0 at which (4 .9t0) ~

-

H Thus it has been proven that the curves of the family F2 diverge for the given
~4i° Since p • 0 is the solution of (3.12.26) at p ’(O) — 0 then for the
curves F2 

we have p (~~,1/ C’~) ‘~- 0 and pI(~,~41O) ) 0 at any 
~ 

(- [T , 0] and

* [w0, w1].We w i l l  examine the set F3 of the va lues of 1~° at which the corresponding
curves of F 2 intersect the straight lines p — ~B (4°) atI~~~T .  That set
is not empty (since ~‘(w ) — 0 and p’(O, w ) ~“0) and is limited from below
by 4 ’° — w0, 

since ~‘p(T , w )  .c~. jXw/by virtue of condition 1. From the

continuous dependence of the solutions of (3.12.36) on the initia l condit ions
the precise lover boundary t1~

o of the set F3 belongs to F3
. From the con-

trary, similarly to point 8, we find that the F2 curve p(ó,1’ °)corre.ponding
to~4’° satisfies the condition ~ ( _(3~-P °)) 

— T • Since (4# 0) and p ’(O, °)
are monotonically decreasing and monotonically ?ncreasing continuous functions
of~r° at the given values of f3 and w1 , then , when condition I Is not fulfilled ,
frosi the diverg.nc~ ~f the curves of the family F2 fol’ows the existence ofa unique value of ‘r (0) (-,~(w0, w1) such that pCr ,1 (0)) — -~~V~ (0)),
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Thu s theorem 2 has been proven.

/Theorein 2/. Let the functions A , C and K satisfy the conditions of theorem
I. Then , if condition 1 does not occur under the given boundary conditions ,
a solution of (3.12.26-3.12. 31) exists and is unique , where 1’ (0) (- (w , w1).

10. A solu tion of (3.12.26-3.12.31), when condition I is not fulfilled , is
found s imilarly to that examined in section 10. The difference is that here
(instead of searching for the va lue of K )  the va lue of ’-Y(0) is sought by
dividing the segment [u , w ] in two. Assuming at first that4’° — 1/2 (w +w

1
) ,

we integrate (3.12.29) ~nde~’ the condition (3.12.30) in order to find the 8or-
responding va lues of K(4°),~~V~~( 0 ,~4r0) and (~C-V°). Then , f inding p ’(O - 0,
‘V ° ) from 3.12.37) , we Integrate (3.12.36) at p (O)  — 0 from right to left,
depending on the sign obta ined in that case for p(T ,~~4(o) (more or less than
zero), we correspondingly increase or decrease ’+’O until we obta in p(T ,~~~~I O)

— ~~~C’~
10) with the prescribed precision. By virtue of the continu ous°depen-

dence on the initia l conditions on the segment T~~ 4~ ~ 0 the so lu t ion  thus
found can be calculated with any given precision.

Thus the self-modeling solution of the problem under consideration makes It
possible during sli ght limitations on the characterist ics of the medium to
investigate the process of heat and mass transfer during the freezing of
finely dipsersed grounds with consideration of heaving and ice layer formation.
The proposed algorithm for finding that solution with any prescribed precision
is rather simply accomplished with any electronic computer. At the same time
it mus t be noted tha t the examination of the process under self-model ing con-
ditions in no way excludes the need to solve the problems in the genera l case.
This happens because under arbitrary boundary conditions and in a limited area
of investigation the character of freezing can vary in the course of time ,
whereas that is excluded in the self-modeling case. In particular , if in the
self-modeling case the conditions are such that a layer forms dur ing freezing,
then that formation occurs from the surface and is not limited in time.

Coninent 1. As was found in the examination of monotonic freezing with heaving
(point 3) in the presence of arbitrary f ixed moisture-exchange characteristics
[w0, w and I((w)], the existence of P( depends on the amount of init ia l moisture
w . ~If the indicated parameters are such that a solution of (3.12.17) does
n~ t exist a to c  ) 0  (in particu lar , at rather large va lues of w 1 and T ) ,  freez-
ing will be accompanied by heaving~ However, if o’~~ exists then, other con-
ditions being equal, a value of T < 0 Is found at whicho(* will be a solut ion
of the entire problem. The value°of w1 

corresponding to that can serve as a
threshold of heaving, but only at T .

~~ T°, On the other hand , ~t follows
from the above considerations that 2ven a~ values of w rather close to w
a value of T ~

- 0 can be found at which freezing will ~e accompanied by h~av-
ing. Thus tf~e cited proof once more emphasizes the fact that the moisture
content of the heaving threshold is a function of the boundary conditions.
This is valid to a still greater degree in the general case of a surface tem-
perature which varies arbitrarily.
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13. Method of Sol ving the Stefan Problem and the Computer Inves t igat ion
of Processes of Heat and Mass Transfer During the Freezing of Rocks

The problem of the dynamics of freezing in the course of time, even in a very
simple Stefan forimilation (with limitation of the conductive aspect of the
phenomenon) belongs to the class of very comp lex problems of mathematica l
phys ics. At the present time a solution of the Stefan problem in exp l i c i t
form can be obtained only in the self-modeling case of a unidimensiona l prob-
lem (for a homogeneous half-space with constant boundary conditions , heat and
mass transfer characterist ics of the ground in the thawed and frozen states
and a linear dependence of the curve of unfrozen water on temperature). It
Is obvious tha t the practica l use of the indicated self-modeling solut ion is
diff icult,

When ther e are any changes in the situation as compared with the self-modeling
task, and also in the multid imensional case, only a runner ica l solution of the
corresponding Stefan-type problem can be obta ined with electronic or analog
computers. Still greater difficulties arise dur ing an attempt to take into
consideration moisture transport together with conductive heat transfer.

The above-indicated has the direct result that a solut ion of the problem of
freez ing even in a unidimensional formulation is impossible in general without
using modCrn computer technology, Together with that it should be emphasized
that up to now a number of the input parameters have been determined with in-
suffic ient precision. If one takes into consideration also the complexity of
find ing the solution itself , and also the fact that for purposes of forecast-
ing and control of the freezing process it usually is necessary to obta in only
approximate results , obtaining approximate solutions of the problem of freez-
ing rema ins extremely urgent and must be developed in every possible way.

It also should be borne in mind that there recently has been a rap id develop-
ment of experimenta l technology for determination of the heat and mass transfer
characteristics of the med ium and the ref inement (as a rule, in the di rection
of complication) of known concepts of varied phenomena accompanying f reezing
and thawing, On the other hand, the formulation and solut ion of the problem
of freezing in a very complete form, inevi tably leading to the use of electronic
computers , s t imula te  in turn the development of exper imenta l work. T hu s the
rea l iza t ion  of the possibilities being opened up In the use of electron ic com-
puters is in a cer ta in  sense connected with the p lanning of exper iment s, and
the reverse. A characterist ic example of such Interaction is the mathema t ical
study of the process of moisture migration during freezing, when the formu-
lation of the corresponding problem required from exper imenters answers to a
number of questions connected with the behavior of moisture on the contact of
the thawed and frozen zones. In addi t ion , as ca l cu lat ions showed a substant ia l
dependence of the dynamics of the process on the value of the coeff icient of
potentia l conductivity (diffusivity), the investigation of freezing in mois-
ture-saturated finely dispersed grounds by means of electronic computers led
to a need to develop new procedures for more precise determination of that
parameter, etc.

108



Taking into consideration what has been sa id, one can predict with confidence
that the application of computers in the solution of both multidimensiona l
and unidimensiona l problems connected with freezing (thawing) will become
practically universa l in the very near future. Even at present a consider-
able number of planning and prospecting organizat ions are widely using digita l
and analog computer ca lculations of the Stefan problem in solving various
questions. At the same time, the expansion (both quant itative and qualita-
tive) of the area of app l ication of computers In the solut ion of various prob-
lems in frost studies is advancing a number of prob lems connected with the
effectiveness of r e a l i z a t i o n  of exist ing algori thms for the numer ica l inte-
gra t ion of a Stefan-type problem with  a digi ta l computer . The main d i f f i c u l t y
arising in that case consists In obtaining by computer rel iable results of
computation. All this leads to a need for analysis of available numerica l
methods of solving unidimensiona l and multidimensiona l problems of the Stefan
type and presents important requirements from the point of view of obta ining
and accomplishing given algorithms for solution with the prescribed degree of
precision. The fact is that during the accomplishment of algorithms for the
coihpoter aolution of a Stefan-type problem, besides the accumulation of various
errors arising at each step of integration , the result depends to an enormous
degree on the stability , convergence, order of approximation and other quali-
ties of the difference scheme which must be verified in all cases. As is
known, in the numer ica l integration of equations of the parabolic type both
explicit and implicit difference schemes are used. ~The former are far sim-
pler and the volume of work [of the order of 0 (1/h’), where h is the step on
the coordinate) is far smaller than in implicit schemes, where the volume of
work is of the order of 0 (1/h). However, implicit schemes at a weight of
not less than 0.5 are unconditionally stable and can be used at any va lues of
h and steps in time t, whereas explicit (a weight equal to sero) are stable

only a t t  .~~ 
—~~~ h

2
, where is the maxima l value of the thermal conductivity.

In an unid il lensiona l case an explicit scheme is provisionally stable at

r .~~. ~~~~~ h
2
, It must be borne in mind that with respect to frost study prob-

2~
lems assur ing s t ab i l i ty  in explicit  schemes is , as a rule, difficult , because
of the small values of t (in relation to the tota l in tegra t ion time).

It would appear, since formally the precision of a solution increases with
decrease of the integration step, it wou ld be advisable to select them as small
as possible. However, with increase of the number of steps the volume of ca l-
culations* increases sharply and, consequently, the total error Increases for
the entire interval of integration, Recently, in connection with that, so-
called economic schemes are used more and more often, schemes which combine
in themselves the best qualities of explicit (small volume of work) and implicit
(unconditional convergence) schemes.

*It is obvious that in problems with mobile boundaries the rate of movement
of which is not known in advance, in the process of finding the movement of
the front the corresponding equations in each zone must be solved multiply
in each time layer.
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F i n a l l y ,  It must be borne in mind that  u n t i l  convergence of a difference solu-
tion toward a solution of the init ia l problem has been demonstrated and an
estimate is made of the rate of convergence, it is not at all clear whether
a digita l computer solution Is true. In add it ion, if the question of conver-
gence Is to be made clea r , as is often done in practice, by contraction of the
gr ids , an incorrect conclusion can be drawn about Its convergence (the scheme
“converges” but not toward the solution of the initia l problem).

Thus the use of electronic computers for the numer ica l integration of problems
of the Stefan type presents a number of rigid requirements both for the algor-
ithms themselves (from the point of view of their software) and for their
realization. As was assumed in the theory of equations in part ia l derivatives ,
the Stefan problem can be conventionally divided Into the linear and the qua-
silinear, The difference between them is that in the linear case the coeffi-
cients of the corresponding equations are functions only of the coordinates
and time (in particular , p iecewise constants), whereas in the quasilinear case
they depend also on the unknown functions, A characteristic example of the
quasilinear problem Is the freezing of finely dispersed grounds, where in the
frozen zone, instead of the additive heat capacity, it is necessary to examine
the .ffective heat capacity, which varies by an order of magnitude in the re-
gion of the main phase transitions. It must be borne in mind that even in the
linear case the Stefan problem is in pr inciple nonlinear because of the pre-
sence of a mobile interface. That complicates extremely the investigation of
particular and genera l regularities of the processes connected with freezing
and thawing, since during any changes of the boundary conditions it leads to
a need to make repeated ca lculations. In particular , nonlinearity of the
Stefan problem, even in the case of linear equations, excludes the possibility
of applying the princ iple of superposition of solut ions to it , etc. Th is ap-
plies to a still greater degree to the quasilinea r problem , where in the pro-
cess of solution it isnecessary to use the method of iterations.

At the present time algorithms for the solution of heat and mass transfer
during freezing in the unidimens iona l case have been very greatly worked out
and substant ia ted. A compara t ive classif ication of methods of numer ica l so-
lution of an unidimensiona l problem of the Stefan type is as follows. One of
the most effective and simply realized algorithms for solutions of a linear
Stefan problem is the method of reducing It to a system of ordinary differen-
tia l equations. Among its merits, besides simplicity of realization, is the
fact that that method permits with the prescribed precision finding a solution
of the mul t i f r on t  problem with a vary ing phase state of the water in the case
of the f ir st , second and mixed (with geotherma l heat taken into consideration )
boundary-va lue problems in both a nnua l and perennia l cycles. A substant ia l
advantage of tha t method from the couputationa l point of view is the fact  tha t
the determ ination of the rate of advance of the interface, which is the main
character istic of the process, in contrast from any difference methods is
made without extremely approximate numer ica l di f ferent ia t ion.

In the case of a s ingle-front quasil inea r problem , if the process of freezing
is examined within  the l imi ts  of the t ime interva l in which the mobile boun-
dary I~eves monotonica l ly ,  th e d i f f er ence method of “capturing the front in
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a g r id  node. ” Its idea consists in finding by means of iterations that t ime
segment in the course of which the interface falls from one cooi’dinate grid
node into another. in the case of a multifront quasilinear problem , if the
number of mobi le  boundaries r ema ins  unchanged , the method of stra ightening of
fronts can bu~ used. In that case , as a result of ti-~.nsformation at each step
in t ime, the oorrespondtng zones are brought to the segment (0.1), and in each
phase the equation of thermal conductivity is substantially complicated. How-
ever, if in the process of freezing there can be the format ion or disappearance
(degeneration to a point) of phases, it is advisable to find a solution of a
quasilinear problem of the Stefan type by the method of smooth ing of coeff i-
d e n ts. In that case the phase transit ions occurring on the zone interface
are “smeared” in a certa in tempera ture int erva l wi th  i ts  center a t  the c r i t i-
cal  point .

Finally, the last problem, and also conjugate problems (in particu lar , when
mass exchange is taken into consideration in connection with moisture migra-
tion dur ing freezing or the infiltration of volatile sediments during thawing)
can be solved by the stra ight-line method (the Rote scheme). In that case only
the der ivative in t ime can be replaced by a difference ratio and on each time
layer the process is described by a system of nonlinear ordinary differentia l
equations, It should be emphasized that it was precisely that method which
made it possible to obta in a numer ica l solut ion of the problem of freezing
with moisture migration with consideration of heaving and the formation of
ice layers.

The methods of trapp ing the front in a “grid node,” of “stra ightening fronts”
and of “smoothing of coefficients” have been developed and are now used in
the computer of Moscow State University. The finding of a solution of prob-
lems of the Stefan type by reduction to a system of ordinary different ia l
equations and the stra ight-line method has been substantiated and is being
realized in practice at the Department of Geocryology of MSU. It must be
borne in milid that in all the enumerated difference methods an imp licit scheme
is used which assures stability of solution practically independent of the
step in time, where the numerical solut ion of boundary-value problems for the
control of thermal conductivity is accomplished by means of tria l runs with
iterations. Those algorithms make It possible to find a solution in the pre-
sence of any nonlinearities in the coefficient s of equations and any types of
boundary conditions.

The situation is much worse In the case of multidimensiona l problems. In es-
sence the only fa irly well substantiated algorithm for the solution of multi-
d imensiona l problems of the Stefan type is the method of smooth ing of coeff i-
d ents. In that case the corresponding equations of therma l conductivity in
the frozen and thawed zones are solved by the Pis’men-Recorde method or in ac-
cordance with the economic locally unidimensionâ l scheme of Samarskiy with
iterations.

However, both the programing and cosipu~ation of mult idimensiona l problems on
modern model M-20 comDuters present considerable difficulties, It suffices to
say tbat sl~r.n vhQn there is limitation of the number of iterations the machine
time required for computation of a single variant of a two-d imensiona l problem
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with a model M-20 is 5-10 hours. The worst convergence usually occurs upon
the disappearance or appearance of new zones.

Thus at present the numer ica l realization of algorithms for the computer so-
lution of multidimensional problems is extremely laborious. In connection
wi th tha t , attempts have been recently made to approximately solve multi-
d imensiona l problems by methods in a certa in sense similar to the method of
balance (the integral-interpolation method) (L. N. Khrustalev, M. A. Minkin ,
A. I, Levkovich and Yu. S. Pal’kin). The idea of such methods is loaded with
the method of hydrau l ic analogies , widely applied in the Investigation of
problems wi th  phase transformatIOns. The hydraulic integrator of the system
of V. S. Luk’yanov (IGL) is a comput ing device very well known in f ros t stud ies ,
by means of which a considerable number of variou s problems connected with
freezing and thawing have been investigated. It must be emphasized that a
solut ion obta ined by modeling is known to be stable , and the only comp lexity
here consists In estimating the precision of such a solut ion. The successes
achieved by means of the IGL and also the simplicity and access ibility of the
procedure for solution by means of the method of hydrau l ic analogies , on the
one hand, and the growth of computer technology, on the other , have caused
various attempts to “replace” the hydraulic Integrator by electronic computer
calculations to some degree equivalent (with precision with respect to the
discretisation of the time* and increa se of the number of noda l p o i n t s ) .

It is uncondit iona l that in assuring stability in some cases the results of
such computer calculations can give not only a qualita t ively but also a quan-
titatively suff iciently correct result. However , because of the above-indi-
cated difference between an unconditionally stable solut ion on an IGL and a
conditionally stable solution with an electronic computer , and also in con-
nection with the accumulation of errors and , as a result of that, the impos-
sibility either of assuring the prescribed precision or est imating the size
of the error in the obta ined solution, the indicated approximate computer
metho is of solution cannot give confidence in the result, Therefore dur ing
any changes, in essence each such calculation must be verified by comparison
with the solution of a similar problem on a model or by means of the above-
considered laborious but substantiated methods. in addition , dur ing the
computer implementation of approximate methods it is necessary to monitor the
stab i l ity of the method itself by making severa l calculations of a given prob-
lem with different correlations between the steps in time and space. Never-
theless such monitor ing is only a necessary but not a sufficient condition
of applicability of the scheme.

Thu s, approximate methods of solving Stefan-type problems by computer , espe-
cially in the unidimensiona l case , when there is a large volume of computa-
tions and an absence of software, cannot give complete conf idence in the cor-
rectness of the calculation . In addition , the coinc idence of some data thus
obta ined with the solutions known in separate cases cannot serve as a criterion
of the app l i cab i l i t y  of the a lgor ithm in genera l when there are any changes

~In the method of hydrau l ic analogies discre t iza t ion  is carried out only with
respect to space.
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in the formulation of the problem or In the boundary conditions. Needed in
such an approach Is systemat ic v e r i f i ca t i o n  of computer r e su l t s  by means of
the same computer , an analog computer or by full-sca le modeling , which Is
as sured to a considerable degree by the use of electronic computers.

Of course , a l l  tha t has been sa id in connection with the examina t ion  of numer-
ica l realiza tion of the scheme does not remove the need for analysis of the
formulation of the problem from the point  of view of ra ther  comp lete descrip-
tion of the phenomenon under considera tion. However , if a l l  the c o n d i t i o n s
assu r ing  the o b t a i n i n g  of r e l i a b l e  computer resu l t s  are f ul f i l l e d , then ser-
ies calcula tions of Stefan-type problems can readily be made by computer with
variation of the input parameters and boundary conditions in a wide range. in
the f ina l account the use of electronic computers makes It possible on the
basis of the obta ined approved reference da ta to determine the genera l regu-
l a r i t i e s  of the fo rmat ion  and deve lopment of processes of f r eez ing  and thawing
of rocks as a function of different elements of the geologica l and geographic
medium and the conditions of freezing and, as a result of that , approach a
solution of the question of optimization in the forecasting and control of
f r e e z i n g  processes. In a d d i t i o n , it Is precisely the series computer calcu-
lations wh ich must become a reliable tool for the construction of practically
adequately precise and simple formulas for the calculation of extremely com-
plex problems of frost studies.

Thus the use of electronic computers In frost st~4dies constitutes one of the
l inks of genera l complex frost investigations wh ich Inc lude f i e l d  survey work ,
stationary investigations at test areas and stations , full-scale and mathe-
matical modeling and laboratory work on the determination of the composition
and properties of rocks, and also data on the development of simplified
methods (approximate formulas and nomograms) needed in conducting a frost sur-
vey under fi eld conditions.
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Chapter 4. Approx imate Formulas  for  De t e rmina t i on  of Heat  Cycles  and the
Depths of Seasona l and Perennia l Freezing (Thawing ) of Rocks

1. Approximate Formulas for  De t e rmina t i on  of Hea t Cyc le s  and Depths of
Seasonally Frozen (Thawed)  La yers

The so lu t ions  of the Stefan problem presented in Chapter 3 make it possible
to i l lumina te many ques t ions  of f r o s t  s tud ies .  However , t hey  can be calcu-
lated only with electronic computers , which are still not ava ikablL to all
i n s t i t u t i o n s  s tudy ing  quest ions  of frost studies. Still more important is the
f a c t  tha t ca lcu la t ions  must  be made in the  f i e l d  dur ing the m a k i n g  of a f r o s t
survey, when the use of e lec t ronic  computers Is comp le te ly  excluded , Simu l-
taneously with that the Stefan problem solut ions presented in Chapter 3 do not
reflect the clear connection of the therinophysica l aspect of the freez ing
( thawing)  of rocks wi th  the geographica l geologica l na tu re  of that  phenomenon.

Tha t l i nkage  is poss ib le  on ly  through de te rminat ion  of the importance in the
f o r m a t i o n  of the depths of seasona l freezing (thawing) of rocks of character-
istics which , being princ ipal and leading , permit establishing the particular
and general regularities in the formation of that phenomenon and classifying
it. Such ba,Ic classificationa l characteristios , as will be shown in Chapter
5, are the annua l amplitude of temperatures on the surface  of the ground , the
mean annua l  t emperature on the base of the layer of seasona l f r e e z i n g  (thaw-
ing) and the compos i t ion  and moisture content of the ground (Kudryavtsev , 1959).

/Approximate formulas for determining the depths of seasona l freezing (thawing )
of rocks/, To revea l particular and genera l regularities in the f o r m a t i o n  of
seasona l and p erennia l f r e e z i n g  ( t hawing )  or rocks it is necessary to obta i n  a

* calculating formula which would mak. it possible to link the seasona l (~~) or
p e renn ia l  ~~ er~ 

f r eez ing  ( thawing)  of rocks with the m a i n  c l a s si f i c a t i o n a l
charac te ris t#~ s. The resu l t s  of c a l cu l a t i on  wi th  tha t formu la ought to g ive
a close convergence with the known precise methods of solving the Stefan problem.

The indicated four parameters enter the Fourier equation of therma l conductivity
for period ic oscillations on the surface of the earth , but without consideration
of the phase transitions of water during freezing of the ground (3.3.4). We
will use that equation , adding to it the heat cycles connected with phase tran-
sitions of water. In that case the heat cycles for the envelope of the tem-
perature curves (Q) will be equal to:

Q .— () - L0~~
- C ’
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wh&r~ Q is th&~ hea t cycles connected with the heat capacIty of the ground
and Q is th~ hea t  cyc les  connected wi th 1 h~ se tr,wsit ions of water in the
groun~ during i t s  freezing (thawing).

For a l ayer  with the thickness ~ we have W zQ~ . As a result , if is
ex1-rt~~sed In accordance with (3.3.6) , the tota l hea t cycles on the envolop~ s
for  a l aye r  of seasona l f reez ing ( t h a w i n g)  w i t h  the  th ickness  ~ a~~suute the
form

~C ç~~~~
. (1.L~ )

It is a d v i s a b l e  to write tha t expression in the following form :

Q ~~~~~~

where ‘
~ ed Is the reduced mean amplitude 

for the layer f ,  which a l s o  Inc ludes
t h~ hea t of phase t r a n s i t i o n s  of water :

•1 ; ~~~~~~ 4 1 .2)

Expression (4.1.2) determines the effective a mp l i tu d e , which includes the ad-
ditiona l term Q

,~
/2C , representing the conditiona l variation of a~ p1itude in

connec t ion wi th phase transitions of water In the layer of freezing (thawing).

For determination of the values of A d 
and A In the la yer f~ w i t h  consider-

at ion of the phase transitions of r
~ ater a~ suming that 

)~ 
~~~~~~

‘ 
we will

use f o r m u l a  (3. 3.7) , introducing in accordance wi th out assumptioa, Instea d

of A
0 

end A
1 

the expressions A + Q~ /2C and t~ + Q
,~/2C~ where tj is the aver-

age annua l temperature on the base of the layer of seasona l freez ing (thawing).
Then we have

~1
—

f. -

from which  b y means of (4 ,1.2) we o b t a i n

- - 
Q~~. (4.1 .3)

p ç)
1,

2CIn —

t
~~r 2C

The f i n a l exp ression for determination of the depth of seasona l freezing (thaw-
ing) of the ground at — )~ dur ing  the period T is presentdd in the f o l l o w i n g
form (Kudryvtsev and Melame~ , 1965) :

-- 

~ 1 ~ ~~ , -I- Q, Q~ 
-

/ ‘.rc2 .-~ 1 - )  j - —

/ .T  -
J/’ ~~~~ (2 l ~~! -i—

“ i c
(4 .! .4)

*Calcula t ion  o1 Q~ w i t h  fo rmula  @, l.8) is presented in example 1.
-
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where I ?.TC 
-

~ ( . .~, 1.) 
1~ 

- 
I 

- 
~

- - . (-I I :,)

.1, ~ - Q

Formu la (4.1.4) constitutes a q u a d r a t i c  equat ion  wi th  respect to • I t  can
r e a d i l y be seen that its roots are rea l and of different signs ; f r om phys ica l
considerations the nega tive root is discarded. To estimate the precision of
the proposed formula the values of f were determined by computer (Kudryavtsev
and Melamed , 1965). The maximal relative error in a rather large range of
moisture contents and amplitudes does not exceed 5%; when the moisture con-
tent decreases the oivergences decrease.

Calculation of the Depth of Seasonal Thawing (Freezing) in the Case of Equa l i ty
of the C o e f f i c i e n t s  of Therma l Coaduc tiv i ty  of Rocks in the Frozen and Thawed
States (Example 1)

The following initia l parameters are necessary for ca lculation of the depth
of the seasonal thawing (freezing): the average annua l temperature (t ) and
the physica l amplitude of the annua l temperature oscillations (A ) on °the
surface of thawing (freezing) rocks, the volumetrie heat capaci~ y of thawed
( f rozen)  rock (C and C ) and its coefficient of therma l conductivityv o l - t  vol-f

and also the heat expenditures on phase t r a n s i t i o n s  of water in the rock
during freezing 

~~~~~~
The temperature cond i t ions  on the surface  of rocks are determined in the pro-
cess of field frost Investigations wi th  considera t ion of the in f luence  on them
of various natura l or artificia l covers. The coefficient of therma l conduc-
tivity of rock with an undisturbed structure and natural moisture , in which
freezing Is proceeding , is determined by specia l laboratory or field methods,
The volametrIc heat capacity and heat expenditures on the phase transitions
of water in nature are cal’~u l a t ed  on the basis of ca lo r ime t r i c  de te rmina t ions
of the sp ec i f ic  heat cap ac i ty  of the rocks (C ec~ 

and the q u a n t i t y  of unfrozen
water  in the rock (w

~ 0
) at different nega tIve5~ temperatures , and a lso  of

field determinations of the unit weight of the skeleton of the rocks (Y
k
) and

its natura l moisture* (w).

To calculate the volumetric beat capacity of frozen rock and the heat of the
phase transitions it is necessa ry to know the quantity of unfrozen water in
the rock which rema ins a f t e r  freezing and does not pa r t i c ip at e  in the phase
transformations. For that purpose a graph is constricted of the variation
of the quantity of unfrozen water in the rock (w , %) as a function of its
negative temperature (-t). Then the average win~er temperature on the sur-fa ce of the free z ing rock is determined for the given case and the value of
w corresponding to the obta ined tempera ture is ta ken from the graph of the

~The moisture content by weight ( to ta l )  in re la t ion to a dry weighted portion .
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dependence of w on -t .  The ca lcu la t ions  of the volumetr ic  heat capaci ty
and the q u a n tit ~~~of hea t of the phase t ransformat ions  of water are made with
the f o l l o w i n g  formulas :

- 0 5  ~~~~~~~~~~~~~~~~~ H) “ U~~~~ ~~~~ •~~:j’z J ~~~l
‘ I ~~~~~~ 100 100

~~~ ~~C I cK 1 ,0 
1<  ‘ 

p : 1.7 M~~~; t . ) , (1. 1 .7)

Q ~~) .
~~

_ 
~~~~~~~~~~ 

-- , K K I t .1t 1 .

The thu s obta ined In i t i a l parameters permit going over directly to calculation
of the depth of f r eez ing  ( thawing)  of rock wi th  formula  (4.1.4) , which for
more convenient ca lcu la t ion  under f i e l d  condit ions can be w r i t t e n  In the fol-
lowing form: . - . 

- .

— 
~ 

j
~ 4 i - ’L I 

~ J)
:1’

where

D u~ , B = u~ n o  - — o1~; E — .—~ :~~~~T -

u 1 ., -~
-- ô, ~ — - (A ,- - - t~) o ;  o =

/
‘ - 

~.T , . -C C ~ ~ ~
-

-= .P T is a yea r , or 8760 hours.

For example, it is required to ca lculate the depth of seasona l thawing of al-
luv ial  sand y loam if the following are given: t

o 
— -2°; A — 12°; 

~~k 
— 1250

kg/rn
3; w — 237.; c ec 

— 0.18 kcal/(kg)(degree); )~f ~~~ 
- 0.9 kcal/~m)(degree)(hr), The given ~~ determinations of Wun 

are presented on Figure 11.

w~. ’/.

0 -  6 

_________________
- 2 -4 -6 -8 - 10 t C  0 -2 - 4 -6 ~ 10 - t C

F igure 11. Grap h of w as a funct ion Figure 12 . Graph of w as a function
of t emperature for san~ y loam, of t emperature for loa~~.
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Sol~,ti on. 1. We will determine the volumetric heat capacity of thawed loam
and the hea t of phase transformations of water , f or which we de termine
and the average w in t e r  temperature on the surface  t

~~~r
:

( 
t , , 

—~ 1

2 2

_2 - }2_ 1 .10)

According to the graph (Figure 11) we find that at twtr 
— ~7°~ U 3%

~~~~~~~~ 
(), 1~~. l. T~1 N) 1~ I 2 ~0 

~,j O 5 .~~

I i i

0 ~ () ‘~~1 .o u~ 2 )  000 ~h L
Ito

2. We w i l l  calcula te the sought depth of the seasona l thawing , m a k i n g  the
corresponding substitutions in expression (4.1.9):

.-1~ t 7 , ~~ 
0 , 2 ) , ~~~~~~- 19 , 5; o 2 21; -

~

~ 27 , 1; n Y~ .2; L 1 0-1~ ,63; B 292, 21 ; D — ~,10 ,9.

4 0 1 I C
- - - 

1 y  ~.IQ ,9 1u~ 1 .8
/Approx imate formulas for  determinat ion of heat cyc~.es in the layer of annua l
tempera ture f luc tua t ions/ .  Also determined from (4.1.4) is the formula for
the heat cycles passing across the surface of the soil  in a h a l f - y e a r  wi th
consideration of phase transit ions of the water in grounds during freez ing
(thawing). The heat cycles across the surface for the layer of seasona l
freezing are equa l to

Q~ 
— V~~~~(A ~~~~~~~~~~~ ) 

(2A~9C~
.
~ Q~~)Q ~~~~~~~~

2k~C~~ + Q~ + (2 •1 ,~~ Q~ )

( 4 1 1 1 )

In thawed grounds underlying the layer of seasonal freezing the annua l heat
cycles passing across the surface in accordance with (3.3.9) are

~~~~~~~~~~~~~~ (4 .1 . 12)

Summar iz ing 
~ h and Q

3 , 
we obta in an expression for the heat cycles acrosss

the surface in the layer of annua l temperature f luc tua t ions  H — h +f with
cons ideration of the phase t ransi t ions of wat er durin g seasona l freezing in
the fol lowing form:

- I ?~‘1’

-- / )j’( 
(2-I~

( c+Q .1~2Q4, V ~~~Q — V2A , V ‘ ______- - ____  ______

2A~C~c + 1/  ~~~~2k~~~~~) Q~
)

(4 . i . i
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Contro l  c a l c u l a t i o n s  of the hea t cycles wi th the g iven formula made by computer
gave a convergence good enough for p rac t ica l purposes (1-57.) (Kudryavtsev and
Melamed , 1965).

The annua l hea t cycles in the reg ion of seasona l f r eez ing  of rocks are formed
of three cemponent parts: a)  the port ion of the heat cycle expended on change
of the temp erature of the layer of seasona l f r eez ing  (determined by the hea t
capacity of the rocks of the layer); b) the portion of the heat cycle expended
on the phase transitions of water Into the layer of seasona l freezing (deter-
mined by the moisture content of the rocks), and c) the portion of the heat
cycle expended on change of the temperature in the layer of its annual fluctu-
ations below the base of the seasona l freezing (determined by the heat capacity
of the rocks).

In the region of propagation of permafrozen rocks the annual heat cycles are
formed of four component parts: the first three, corresponding to those enum-
era ted above , and a fourth -- the portion of the heat cycle expended on the
phase transitions of water in permafrozen rocks lying in the layer of annua l
temperature fluctuations below the base of the layer of seasona l freez ing. In
connection with that the ca lcu la t ion  of the annua l  heat cycles in permafrozen
rocks and their seasona l thawing has certain specifics in comparison with ca l-
culation of the annua l heat cycles in the region of propagation of thawed rocks.
Therefore we will examine the simpler case first.

Calculation of Heat Cycles in the Layer of Annual Temperature Fluctuations
in the Area of Seasona l Freezing of Rocks (Example ?a)

For convenienc e of calculat ion formula (4.1.13) can be written in the follow-
ing form :

.
‘

, 

Q ~~~~ - - ~~~~~~~~~ (:1.14)

where

( 

- V ~~~~~ ~ V~
T ; ~ -

The parameters t o , A , C
~~~~, ~ and Q

0 
necessary for calculat ion of the heat

cycles are determined in the same manner as in example I.

/Example of ca lculation!. Ca lcu late the annua l heat cycle in b arns which
passes across t~ e surface of the soil  under the following condit ions: A — 170

,
1sk 

- 1300 kg/rn ; w — 30%, Cspec — 0.19 kcal/ (kg)(degree)  and ) f - 
~~

— 1.0 kcal/ (meter ) (degree)( hr ) .

In a calor imetric test of a sample of loam to determine v at a negative t ern-
pera ture the fol lowing data were obtained (Figure 12) . ~‘
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Solution. 1. According to (4.1.10) we determine ~ r 
to be -7.8°, at which

w — 8%. We determine the volumetr ic heat capacit~~of loam and the heat of
p~4he transformations of water In loam during its freezing and thawing with
formulas (4.1.6), (4.1.7) and (4.1.8):

~~~ ‘217 
~~~~~~ 

22 Hv0 
~~~~~~~~ ‘ ‘0 

~~~100 100

C, r , ,  - - 0,19. 1200 - , - 1 ,0 
30~~’~0 03,

100

(30 -- ~ 1300 ~ -Q~, bO — —  .-.2b’~
() MC(JJ?, fi1 3 .

100

2. %Je determine the depth of seasona l freezing of loam with formu la (4.1.9);

il . ., - - ?i 6; 3~ 
- 1 , 16; 6- s23 ,16; o —U 2 ,33; t~=9,98; ~~~ 3I~~9, u-~=31 ,~6;

12 - 3706 ,75; B -586,7 1; D :  ~735 ,5G ; ~ -~~1 ,88 A l .

3. We calculate the sought value of the annua l heat cycle in loam , making
the corresponding substitutions in formula (4.1.14):

— — / I .O .61 7 -87to 22 -~~ 0 
________Q - V2 • i ’ V ~~~~ 1 3L70

¶OCS ± 1 , 16

- 31 952 - 22 577 - 54 529 KKQ.1 1’ S&.

Calculation of Heat Cycles in the Layer of Annua l Temperature Fluctuations
in a Region of Permafrozen Rocks (Example 2b)

Annua l temperature f luc tuat ions  in a permafrozen rock mass are caused by
changes of w in the layer beneath the base of seasona l thawing. Therefore ,
as ha s ai r ea~ 9 been noted , the annua l heat cycles in the region of propagation
of permafrozen rocks inc lude the heat of phase transitions of water both in
the layer of seasona l thawing of rocks and in the lower-lying layer of frozen
deposits. In that case formula (4.1.13) for determination of the annua l heat
cycles in the layer h +f of the region of permafrozen rocks assumes the form

Q V~’i0 j ,/~ 
?.7~~ s 

a ~~~~~~~~~~~~ , (i 1 . I5)

where a ~ 4— ~~ 1 U -~

i~ -
~~~~~

‘
- S - - B —~~~ U B~~.1: , , ;

2C~~ ~~ 2C~ 
P

~
/ _ _ _ _ _  

. B --- — -
cp -—

2A~~C~ Au

h is the thickness of the layer of annua l temp~rature fluctuations in perma-
frozen rocks below the base of the layer of seasona l thawing; Bm is the mean
amplitude of annua l temperature f luc tuations in the layer h; £~w is the heat
of phase transit ions of water in the layer h .
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U the grounds of the layer of seasona l thawing differ substantially from
the grounds in the layer h in their therinophys ica l properties , It is advisa-
ble to present the first term in formula (4.1.15) In the form of two terms ,
that is:

~~ j /
~~~7~~’~~ 1 - 1  .-~~ - - t v )  

~/ - -~~ - , V2 
~~

Calculation of the annua l heat cycles in permafrozen rocks is complicated by
the fact that  It is a lso  necessary to determine h and ~~w. The values  of h
and Aw depend on the amplitude of the annua l temperature f l u c t u a ti o n s  on the
base of the la yer of seasona l thawing of rocks (A t. ) , the cha racter  of the
change of wun in the rocks dur ing those i luctuati6ns and the thermophysica l
properties of the rocks (i~ and C). If v in rocks at high negative tem-
peratures (from 0.0 to _l.00) Is practica l~y equal to zero, then ttte annual
heat cycles in permafrozen rocks should be ca lculated with  the same formu la
as for  the region of propagation of thawed rocks. Such calculations are cor-
rect for all coarsely dispersed frozen rocks (sands, gravel and gravel-rubble
soils).

If the annua l heat cycles are calculated for f I n e l y dispersed frozen rocks
(sandy b arns , b arns and clays), then It is necessary to take int o consider-
ation the phase transitions in the permafrozen zone. In that case, in order
to determine tjw it Is necessary to knov the mean amplitude of the annual tem-
perature fluctuations on the layer h. We will assume* that on the base of the
layer of seasona l thawing of the rocks the amplitude of the annua l t emperature
fluctuations is numer ica lly equa l to the average annua l temperature, and on
the base of the layer h is practically equa l to zero. The tmmperature envel-
opes In the layer h can be provisionally replaced by stra ight lines. There-
fore with a small allowance the mean amplitude of temperatures on the layer h
can be determined as the arithmetic mean, equa l to 1/2 A S . Then the average
maxima l temp~~ature on the layer h will be equal to 1/2 t~ and the average
minima l as 3/2t~ (Figure 13). The amount of water partic ipating in phase
transi t ions in a permafrozen rock mass should also be determined on the basis
of those points. For that purpose, on the curv e of the dependence of v on
-t is taken the qu a n t i t y  of w~ at  the tempera ture L/ 2 t 1 and 3/2t~ 

un The
la t ter  is deducted f rom the foPmer and the quan t i ty  of water part ic ipat ing in
phase t rans i t ions  in the frozen rock mass is obtained. The qua nt ity of hea t
expended on phase trans i t ions  of water in the layer h is

I 3 -

I L’~ ‘ l”~ 
— I; - ripi~ t~ ) 

‘l’ c.c

- - _.± _~~~~~~~~~~~~~~
. -_

~~ 
- - - — , a.z~~~. (4.1 .16)

- 
100

The thickness of the layer h should be determined as the thickness of the
layer of seasona l freezing (according to 4.1.4) under the condition that A —

tf and A.~ on the base of the layer of a nnua l f luctuations is equa l to 0.10 0
(precision of mea surement) . In that case the forimfl a assumes the form

M4ithout cons ideration of the asymmetry of the temperature envelopes. See
consideration of the latter in section 4 of the present chapter ,
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(4 .1 .17)

If Aw and h have been determined in that manner, one can readily ca lculate
the value of the annua l heat cycles.

For example, we will ca lculate Q on a section composed of permafrozen b arns
for which t — _ 20 and A — 13° are known. The rocks are characterized by
the followiRg properties? 1sk 

— 1300 kg/rn3; w — 30%, Cspec_sk — 0.19 kcal/

(kg)(degree); )~ — X
~~ 

— 1.5 kcal/ (m2 ) (degree ) (hr).  A graph of the depen-
dence of Wun on -t is presented on Figure 12.

Solution. 1. On the graph of Figure 12 we f ind the quant i ty  of unfrozen water
in b arns at t emperatures of -l and -3° and determine ~ , w  in the layer h; at
t~~~ -1°, w .. 12% and a t t — -3°, w — 10%.

Un Un

- 
I.. 

~~ 0 f r i , ( I  1 ’ ¶L
~IC’)

2. Assuming tha t A1 — I t g I — I t 0~ — 2°, from equation (4.1.17) we f ind h ,
h9ing pre l imina r i ly  ca lculated with formula  (4.1.6) tha t ~~~~ m 

— ~~~~~ kcal/
(is )(degree): -
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After all the substitut ions we determine that h — 2,92 rn ,

3. We calculate the depth of the seasona l thawing of loam on the condition
that — 1.5 kcal/(m)(degree)(hr), C,~,1 ~ 

— 637 kcal/(m3)(degree), Q~ ~~

~ 25,000 kcal/rn
3
, to 

— -2° and A — 13°. With the nomogram (Figure 17) we

find that .t — jl.5 x 1.5 in ~~ 1.8 in,

4, We calculate the annual heat cycle in accordance with equation (4.1.15)
at the following values of the expressions:

a -
~~ 

- : - 8:- 6 -= - , -~~~~~—— ~~~ - -~~~~~~- -  = 19 62-
2.03?

- 
— - 2 4-
2 - -~Ji

i t - i ’ 13 - ”—p --- ‘

1 13+ 19 ,62

6 2 ÷ 19,62

~( 1
0~~~~~~(

) i/ ‘

~~~ ~ “ V ~— 

‘i~!~~C 
- - ——  

;~~.,, 7 f3 ;’~~ 2~-j ’) 
- = 0,0 ,,

V • 1~~~( ‘~~ 0,30 ; S - R~., -

~ ~~~~~~ 
- -  0,9 ~,-I 3,3;

U = ~~~~ 0,9. Ij’::) - 1 ,69;

Q I / i ( j ’ ~ 9 I b1~ ) 

—

~~~~~~~ 
1 , 7 I L

1 3.I~ ~I

2 , 3 
-

~~~~~~

1 , 0’) 2 ,92 -7 .1

fr 3, 1
- 5,

-~~ ,). .j iui ~ h~/. l1 -
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Thus under the given concrete conditions the ~nnual hea t cyc le thr ough the
surface of the soil is equa l to 53,167 kcal/m

I t  is evident from the ca lcu la t ion  that in the case of seasona l thawing  of the
ground in the layer h the heat cycles are expended not only on the heat capa-
city (in connection wi th  tempera ture va r i a t i on ) but a l so  on the  phase t rans i-
t ions of water  in permafrozen grounds. Therefore the annua l heat cycles in
the region of seasona l thawing usually exceed the annua l heat cycles in the
region of seasona l freezing. However, it should be taken into consideration
t h a t  the phase t r a n s i t i o n  of water in the  layer h leads to some reduction of
the layer h itself , which under certa in conditions can lead to decrease of the
heat cycle in comparison with its values in the region of seasona l freez ing.

Dete rmina t ion  of the tempera ture s h i f t  and depths of seasona l f r eez ing  ( thawing )
of rocks at ~ 

>.~ . If the therinophys ical characteristics of the frozen and
thawed grounds ar e d i f f e r e n t, that Is, )If # ~~~~ then during periodic temperature
fluctuations on its surface a temperature shif t (

~~
t
>%
) is noted in the layer

of seasonal freezing (thawing). The nature of that shift is explained by the
fact that the heat cycles connected with phase transitions of wa ter in the
ground , and partially the heat cycles expended on change of the ground tempera-
ture (heat cycles on account of heat capacity), at temperatures of different
sign proceed at different thermophysical characteristics of the frozen and
thawed grounds. In th~~case in calculating ~ it is necessar y to take in to  con-
sidera t ion  the tempera ture sh i f t , which is determined wi th  the expression
(Xudryavtsev and Melamed , 1965) 

-

- 
~ - (~ - - -  ~~~~~~~~~~~~ I V 2  ~~ ~/ i . i.c~- 

~1~)~,,, \ ~; ,., / 

~~_

/ 1 7” 
-

( 2i1~
; :C ~~~ 

- 
~~~ ~) ~~~ , 

ti,’ - - 
-. 
— 

I
- - - - ‘

~~~ - - -nA ~11 C~~~ - (4.1 .18)
2A~.,c~-~- ; ~~~ F 

~~~~~~

- 
‘1 - - (2A~ ,c : Q~ ) 

2 

-

where A is the reduced coeff ic ient  of thermal conductivity, which can be
determ i~~~ approximately with the formula

~ 
(,1~ - t~’ - .~,,.- 1, - F

- - -  

‘1.-I , 
‘ °

~~~- (4 .1 .19)

Ha ving a formula  for ca lculation of the temperature sh i f t  4t~ we can calculate
the depth of the seasona l freezing (thawing) at  d i f f e rent  thermop h ysica l char-
acteristics of the thawed and frozen grounds. In that case one should substi-
tute t

1 
- 4t~ instead of t~ in formula (4.1.4) , A d instead of and A’

instead of A
in 4 Q4,

- -—
~~~~~~~~~~

. (4 . 1 .20)
A, 
—

1. \t 1~
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Thus the genera l form of the formu la for calculation of the depth of both the
seasona l freezing and the seasona l thawing is one and the same for different
thermal conductivities, There is a difference only in the concrete va lues of
At , A and A

A m red

Calculations of the depths of seasona l freezing (thawing) with formula (4.1.4)
at 

~ 
have been verified by computer ca lculations. The convergence of

the results at ~ is equa l to 0.5 m and deeper is within the range of 1-3%
(Kudryavtsev and Melamed , 1965).

Calculation of the Depth of Seasona l Freezing (Thawing) at Different Coef-
ficients of Therma l Conductivity of the Rocks in the Frozen and Thawed States .
Application of Nomograms for Calculation of ~ (Example 3).

As sh own above, in the case of inequality of the thermophysical characteris-
tics of rocks during the ir transition from the thawed Into the frozen state
and the reverse, in the layer of seasona l freezing or thawing a temperature
shift ~~~ forms which leads to change of the average annua l temperature on
the base of the layer of seasona l freezing (thawing) in comparison with the
average annua l tempera ture on the Sur face of the soil (the ca l cu la t ion  of
Is presented in example 9 of Chapter 5). In that case, a correction equa l to

~~~ Is introduced into formula (4.1.4) for the ca lculation off, as a result
of which a transcendenta l equation is obta ined. Because of the complexity
of solution of the system of obta ined equations for determination of the depth
of freezing or thawing it is advisable to use nomograms, which can be obta ined
by means of electronic computers for a wide range of input parameters.

The nomograrns (Figures 14-19) represent series of curves of the variation of
the depth of s~-asona l freezing (thawing) as a function of tke variation of
four parameters: I) the volumetr ic heat capacity of frozen rocks Cvoi_ f (for
the case of seasona l freezing) or thawed rocks c 

1 ~ 
(for the case of

seasonal thawing); 2) the quantity of heat ° - 
expended on phase tran-

sitions of water during the freezing (thawing) of 1 cu!-ic meter of rock, 1)
3) the amplitude of annua l fluctuations on the surface of the soil A (th~
physical value of the amplitude of the air with consideration of the Influence
of all factors forming the temperature regime of the surface -- see chapter 5) ;
4) the average annua l temp era ture of the rocks at the base of the layer of
seasonal freez ing or thawing -- t~ (with cons ideration of the inf luence of
the temperature shift At k). For all cases in ca lculations of ~ In the corn-
pilatim of the nomograms the coefficient of therma l conductivity of the rocks
was taken to be constant and equal to 1.0 kcal/(in)(degree)(hr). This is ex-
plained by the fact that, as follows from equations (4.1.4), ,f is directly
proportiona l to ,/) ~. Therefore any sot~ght value of J for rocks w i t h  a coef-
f ic ient  of therma l conduct ivity di f ferent  from uni ty  ‘will be equa l to the
val ue of~ found on a n omogram and m u l t i p l i e d  by the square root of the tru e
value of the coefficient of therma l conductivity of the g iven rock.

Depending of the va r iat ion of C ol’ three groups of series of graphs ~ave been
calculated for the fol lowing values of Cv l : 300, 500 and 800 kca l/ (zn ) (degree).
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Figure 14. Nornograms for ca lculat ion of ~ a t :
seasonal

— — 1.0 kcal/(m)(hr)(degree);

C,,,01 — 800 kca1/~~n
3

) (degre) ;

— 5,000, 10,000 and 15,000 kcab/m
3

127



• 
- -

- ‘ ‘ ~— ‘  ‘-‘-~cc ., - 
, r ‘ - -‘ ‘

, -  - ,~ -
- 

- ‘‘ - ‘ 
‘
~ ‘

I
~~~~~~~~~~~~~ J L_____ 

- 
I~

M 
‘ COO o~~~/ = ’

c,~ ~~~~~~~~~~~~ ~~~~

2 3 4 5 ~ ,~~~~ ~_L-_ ,.__,:’

I 
_____

2 ~~~~~~~~~~~~~~~~~~ & ~ 
- 

f
’T
~ — -

U ____L

~~~~~~~~~~

i ~~~~~~~~~~~~~~~ -
‘
S

Figure 15. Nomograms for calculation of j~ atseasona l
f 

— 1.0 kcal/(m)(hr)(degree);

vol 
— 800 kcal/(m )(degree);

Q
0 

— 20,000, 25,000, 30,000 and 40,000 kcal/m
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*

The ser ies of graphs were calculated as a function of the vari 5ition of Q for
the following values of it : 5,000, 10 ,000, 15,000, 20,000, 25 ,000,
30,000, 35,000 an d 40,000 kcal/m 3.

Each graph represents a set of curves expressing the variation of f (along the
ordinate) as a function of the variation of t~ (along the abscissa) for the
following constant values of A (written unde’f each curve): 5, 10, 15 , 20 , 25
and 30°.

In order to de termine  on the - b a s i s  of the noinogram the depth of seasona l
freezing or thawing of rocks, it is necessary to kiiow the f o l lo w i n g  f i v e  ini-
tial parameters : C 

1’ ~~~ 
t~~, A0 

and ~~. Then a series of graphs should be
selec ted for the vXlue ~f Q , a series which character izes the given ground.
In that  series a graph is se~ ected which corresponds to the given va lue of 0~.
On the grap h a curve is sought which corresponds to the va lue of A 0 (the
phys ica l meaning). On that curve the depth 

~ 
is determined as a f unc t ion

of t~ . Finally, to obtain the sought value o~ it i s necessary to mu lt ip ly
the ~.value ~ by /~~

‘. For examp le , it is necessary to c a l c u l a t e  the depth
of the seas~ R~~i thawing of rocks at a cons t ruc t i on  s i t e  if the f o l l o w i n g  data
are known: C,,,01~~ 500 kcal/ (ni 3) (degree);  ~~ — 20 ,000 k c a l/m 3 ; )~ — 1.2

k c a l/ ( in ) ( d e g r e e ) ( h r );  t ,~ — -3.0°; A — 15°. Fo~ that purpose we will take a
series of graphs obta ined for Cv i ~ 500 kcal/(m )(degree). 3

In that series we
select a graph corresponding to ~fie va lue Q — 20,000 kcal/m and find a curve
giving the dependence of the variation of t~e depth of thawing ~~

‘ on the average
annua l temperature on the base of the layer of seasona l thawing t~ for the
va lu e A — 150. Then on the axis  of abscissas  we f i n d  the va lue  of 1~ equal
to -3°,°and from that  point  we seek the perpendicular  to the in t e r sec t ion  wi th
the given curve (A — 150). The ordinate  of the point  of intersect ion a lso  is
the sought depth o~ thawing f and is 1.65 meters. Fin a l l y ,  we mul t iply the
obta ined depth by JT~~~~ and nom

fl f l d  tha t  the  depth of the seasona l thawing
at the construction si te is 1.73 meters.

In the case whe’e the initia l values of C 
1’ ~ 

and A are different from
those presented on the graphs, the depth 

vo~ m~st be °found by means of cor-
responding interpolations.

In cases where C
1, 

Q
0 
and A go beyond the limits of the va lues adopted on

the nomograms , the calculating formulas presented in section 1 of this
chapter should bc used.

2. Approximate Formulas for Determination of Perennial Hea t Cycles and
— Depths of Perennia l Freezing (Thawing ) of Rocks

The perennia l freezing and thawing of rocks does not differ in princ iple from
the aeasonal .  The d i f fe rence  consists only in the length of the period of
temperature f luc tua t ions  on the surface of the earth and the need to take into
considera t ion the influence of the geotherma l gradient . For determina t ion  of
the regular i t ies  of the format ion  of permatrozen rock masses as a funct ion
of geographic geolog ical conditions , such as: the influence of litholog ica l
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features , thermophys ica l characteristics and the moisture content of rocks ,
t h .  t emp era tu re  c oad i t i o n s  on the su r f ace , the geotherma l g r a d i e n t  and other
f,ic tors  a f f e c t i n g  the process of perenn ia l f r e e z i n g  and t h a w i n g , a n approxi-
mate  fo rmula  is presented below. The basis of tha t formula is the scheme for
calculation of the depths of seasona l freezing (thawing) of rocks (4.1.14) in
which It Is necessary  to cha nge the length o ft ~ie period of temperature f luc-
t u a t i o n s  on the  sur f a c e, and also take into account the influence of t he  geo-
therma l gradient.

The ge-~ therma l gradient is taken into account itt the following manner . On th&.~
base of the permafrozen  rock mass at the maximal depth of f r e e z i n g  ( t h aw i n g )
d u r i n g  the  per iod  T the amp l i t u d e  of t emp era ture  o s c i l l a t i on s  (p h y s i c a l)  must
be equalized with the average temperature dur ing  t ha t  period t~ . Then ,
as follows f rom Figure 20 ~perm

g ~~..

where ~0 erm is the average temperature during the period T on the surface
of the ~ear th , °C ; 

~ erin 
is the maxima l depth of the permanent freezing

(thawing ) , meters ; g ~ is the geothermal gradient (degrees/meter) .

f~... A, t9
+ tc

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
formu la

If we substitute (4.1.18) in (4.1.4) we obtain a formula for calculating the
depths of permafrost with consideration of g:

-

- . 1, - I -
I-~~ (

~~~~~~±Q
L., IQ.

( I 
1 ~ 

Q 
~M i~ ~ I 1

1 
Q 

2 I ,
y_ -1 (2

where
/ ? 7 ~ 2

~~ . ~~~~~~ - g a - , . )  ——

— - - - — . I~~ 2 2 I
. 1  

~ 
cI

~~,
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I

With that formula calculations were made of the permafrost at T 100,000
years for  d i f f e r e n t  va lues  of A

o_perm~ ~~~ X~~ 
t and g. S i m u l t a n e o u s l y

control calculations were made by computer of the Stefan problem for t he  same
values of those parameters , wh ich show tha t the divergence in depths does not
exceed 87. (Kudryavtsev and Melamed , 1965 , 1967).

In formula (4.2.1) the numerator represents the heat cycles along the envelopes.
If we rep lace the c o e f f i c i e n t  2 In the first term in the numerator of the right
side by 

~~ 
we obtain the heat cycles passing through the surface of the ground

for a layer of permanent freezing (thawing):

I - ~~~~~~~~~~~~ j ’ -

~~~~

— -

/ iT
2 ’  :~~~~~~~~~~~~~ 1, 

:i/ -
- - - - - ( 2 - ’)

2 ( , - 2.1 C -

In the layer of thawed rocks underlying the permafrozen rock mass the heat
cycles during the period T are equa l to

()  
“H i~~Z 2 I’ i- - -.

~~
) 

i~~~

’ I

If  we sum up (4.2.3) and (4.2.4) we finally obta in

C. Q’ 
?.TC

-~~ -~~~~~~~~~ - - . ( 4 2 5 )
Q ;

~

, ~/ -~ — ‘ 1~~~~ H Q. -)

The calcula tions of 
~ e 

with formula (4.2.5) were verified by corresponding
compu ter calculatIons~ 

‘
~
‘Comparison of those results showed tha t the error of

ca lcula t ions wi th the formula amoun ts to ~. - 2% (Kudrya vtsev and Melamed , 1965 ,
1967).

To facilitate calculations with formulas (4.2.1) and (4.2.5), nomograms were
comp iled (Kudryavt~ev and Melamed, 1967). A dist inct ive feature of the nomo-
grams, connected with the presence of the geothermal gradient , Is that with
increase of the period of oscillations the maxima l depth of freezing for the
given ground tends asymptotically toward the limiting va lue, The latter is
completely determined from a solution of the corresponding steady-state prob-
lem , that is, depends only on the average temperature on the surface during
the period and the therma l conduc t iv i ty  of the ground . Let us note tha t the
t ime of achievement of the limiting value increases with increase ~f the geo-
therma l gradient.
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C a l c u l a t i o n  of the Depth of Permafrost  (Examp le 4)

Determine  the th i ckness  of p ermafrozet t  rocks if it is known tha t the perennia l
freez ing of rocks occurred under the i n f l u e n c e  of 300-year t emp era ture  f luc-
tuations on the surface  of the ground. The amp l i t u d e  of those fluctuations
is 60 an d the average perennial temperature is 00. Frozen were alluvia l de-
posits (alQ4) represented by sandy 

b arns and b a r n s. Their properties are
characterized by the following weighted average va lues: A 1.0 kcal/(m)
(degree)(hr); C

1 
— 500 kcal/(m3)(degree) and Q

0 
20 ,006 kcal/m 3. The geo-

therma l gradient (g) in the frozen rock mass (below the layer of annual tem-
perature fluctuations) is 0.01 degree/rn.

Solution. For calculation of the depth of the permafrost , formu la (4.2.1)
can be written in the following form:

(~~~ . - ~ 2- (i: ,~ , )  ~-1 ~~, - f .  
~- --g ~~., i - I 

-
IH 

— - — 
~, I -1’ ~~ 

~ (4) I I~

where 
- ‘

/ 
~
‘

L 
:~;

‘ ~ ~ ‘ 
Sl
~p - 

, 
( l ~,,. - - ‘H’ ’  I -

( -1 . ,  / ,, ,.~, E... ,~
- - (1

The presented equation is t r anscenden ta l , since the t emperatu re  reg ime on the
base of the layer of permafrost is determined as a function of ~ . There-
fore the problem is solved by the method of trial and error -- Perm identity
is found at severa l va lues of~~perm

I. We assume that ~ is 20 m, Then all the Intermediate calculations for
subs t i tu t ion  in the ~~~ iatlon ‘will ~e as follows:

IL ~~~~~~ 20 ,0- ~ 4-)
I I I  ) 3 - 1-1 2 -i

.~~ - - I ’ ) O ,(~~-2U )=3 , 1 ; -
2 - 

3 ,1 I)

(.( . I hI ~~~~~~ 2111
( O .~~r 3 ( 0 5 / 2 )  :1) 4 2 C . 1  ~~2 II 

~~~~~‘II 3 , 1 - f- 21)

Identity was not obta ined , as 20 ~ 33.13 m,

2. We assume tha t 4 — 50 in. Then we obta in
perTh

-- I 2u

~~~, 42 .  
— ~~~~ ~~~~~ 

~ ::.~~
-
~ 

- 3 .2) 2//I 
~~~~~~

In t h i s  case also , 50 ~ 2 7 .6 rn .

3. By a method of construction similar to that which will be ana lyzed in
detail in examples 9, 10 and other , we find (Figure 21) that sperm — 31.2 in.
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Figure 22. For de te rmina t io’ - If the
- 

4 r  
potentia l seasona l thawing : 1 - heat
cycles at negative temperatures in

—— ‘ ~~:. - ‘
~~~~ t h e  layer  of seasona l f r e e z i n g ; 2 -

hea t cycles at positive term .-er,)tures ,
de te rmin ing  the depth of p otent ia l

F I gure 2 1. For d e t e r m i n a t i o n  of the seasona l t h a wi n g  ( i f  tm was 0°).

dept h  of permafrost.

3. Potential Seasona l Freezing and Potential Seasona l Thawing of Rocks

A t positive annua l average tempera tures of the rocks the heat cycle-s i.n them
are max imally used in the half-period of cooling for the freezing of the up-
per layer of the rocks. In the half-period of warming , however , the heat
cycles are used to thaw the seasonally frozen layer only part ially , and the
r ema in ing  p o r t i o n  of them is used to warm the rocks above zero degrees. T h i s
is obvi ous , since the heat cycles at positive and negative temperatures are
not equa l and the former considerably exceed the latter (Figure 22).

Thus du r ing  seasona l f r e e z i n g  as much f reezes  as can f reeze  a t  the  g iven heat
cycles; but only tha t thaws which has frozen , regardless  of the heat cyc l es
at temperatures above zero degrees. The thawing of of the upper horizon of
the frozen mass which would be observed if there were complete use of the
heat cycles at positive temperatures is called the potent ia l seasona l thawing .

A similar situation occurs during seasona l thawing . In that case the upper
horizon of the frozen mass thaws which can thaw during complete use of the
heat cycles at posit ive temperatures. At negat ive temperatures ., however , the
heat cycles are not completely used fr’r the freezing of the thawed layer; the
remaining portion of them ~s used to lower the temperatures of the underlying
f r ozen rocks, Consequently, in that case one can speak of the potent ia l
seasona l freezing of rocks.

One can use for calculating the depths of potent ia l seasona l freezing (thaw-
ing) formu la (4.1.4) for the seasona l freezing (thawing ), in which the follow-
ing substitut ions are made: 1) instea d of the amplitude of temperatures on the
surface of the ground A the sum of that amplitude with the average annua l
temperature on the surface (A

0 
+ ~ ) ,  that is, in tha t cas e, ins tead of A

its actua l va lue is substituted ; Z~ zero is substituted instead of t 1, 
0
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In  tha t case the formula  w i l l  assume the f o l l o w i n g  form :

• to) 
2 & ; C~~2c Q ’

2.4~~~ ~~ - Q~, t - - 
~~~~~~~~~~~ 

- ‘ -1 ~. C - Q,i
- — - - 

C 

- -- - - . (43 U

where
2 (4 ~~ 1,,) 

~~
- - - - -

- 

2-1 ., C . Q~ 

- (4 3.2~

— _~_~~~__ 

Q~
., 

( 1 3 3 )

The fol lowing scheme (see Figure  22 )  is used to exp lain the correctness of
that substitution. It is evident on that diagram tha t at a certa in positive
average annua l temperature of the ground only that porthrn of the heat cycles
is expended on freez ing which is completed at negative temperatures (corre-
sponding to the part with the slanted hatching). The rema inder of the heat
cycles (the horizonta l hatching ) must determine the depth of potentia l seasona l
thawing of the rocks . Those heat cycles can be used for thawing the rocks only
if the entire rock mass is frozen. In the region of seasona l thawing that can
be only at  a zero average annua l temperature of the rocks. In that case the
amplitude on the surface of the rocks w i l l  be equa l to the segment on the axis
of t emperatures from tma to ~0, tha t i s , A + t at t — 0. The depths of

both the potential seasona l thawing and the potentia l seasona l f reezing of
rocks ca n be cal culated with the ind icated formula .

Calcu i’~ t io n of the Depths of Potentia l Seasona l Freezing and Potentia l
Seasona l Thawing of Rocks. Ca lculation of Intergelosols (Example 5)

Problems in the determina t ion of the depths of potentia l seasona l freez ing and
thawing of rocks arise in connection wi th  the dynamics of transitiona l and
semi- t rans i t iona l - types  of seasona l freezing and thawing, which leads to the
formation of intergelisols of frozen rocks or to sepa ration of perinafrozen
rock masses. The format ion of frozen intergelisols, which exist for a number
of years on sections on wh ich tabetisols or tal iks are widespread , a nd aleo
exist for severa l years on sections on which perma frozen rocks are widespread ,
considerably cciiiplicate the conditions of construction and the working of min-
erals in many regions of Siber ia and the Far East. Therefore in doing frost
and engineering geologica l work a need arises for determination of the con-
ditions of formation and the thickness of intergelosols of fvozen rocks or
Layers of thawed deposits.

The f irst part of the problem consists in ana lyz ing  the concrete natura l con-
di t ions  determining the tempera ture reg ime of the deposits and determining the
character of the dynamics of those conditions. In that case it is necessary
to start from the following.
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In te rgelosols  of f rozen  rocks form and exist when the average annua l tempera-
ture on the surface of the soil (t ) drops by a va lue exceeding the average
annua l temperature of the rocks on°the base of the layer of seasona l freezing

• tha t Is , to - ~ m t  -. t
f~ where t

o int 
is the average annual temperature

on the surface of the soil at wh ich the formation of the intergelosol starts;
t and t~ are the perennia l average annua l temperatures on the surface of the
sail and at the depth of seasona l freezing.

Correspondingly, the formation of a thawed layer of rocks separating the layer
of winter freezing from the permafrozen rock mass is determined by the cond i-
tion t — t  t .

o t~-in t ~
Af ter investigation of the possibility of formation of intergelosols of frozen
rocks (or a separated thawed layer), their thickness forming in the course of
a year or a number of years is determined. For tha t purpose, in accordance
wi th  the t emperature reg ime establ ished on the surface of the rocks and also
the composition and properties of the rocks, the depth of the potentia l sea-
sona l freezing (or potent ia l seasona l thawing ) of the rocks is ca lcu la ted  wi th
formula (4.3.1), presented in the form

— 
- - -B’ ~

— ) ( B /~~- ‘ID’h ’
2D’ - - - -

where , , , ‘ , , ., ‘, -1) - aô ; 8 c i  (u )-a-—~~’S--— c~ô-; /;‘ 1, ’~ cz ’~~’o : V ’ oô;
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—
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.

- 1 - -I ~~~ 
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Then with forn,)la ~4.1.4) the depth of the seasona l thawing (freezing) ~orre--
sponding to tg — 0 and an amplitude of A - t

o tnt 
is ca lculated for the same

period T. The difference between the dep~h of the potentia l seasonal
freezing and the depth of the seasona l thawing of rocks constitutes the th ick-
ness of the intergelosol , and the difference between the depth of the poten-
tia l seasona l thawing and the depth of the seasona l freezing of rocks -- the
thickness of the separating thawed layer.

It must be noted tha t a zero or very close to zero average annua l temperature
on the base of the layer of seasona l thawing (freezing) w i l l  exist only in
the first year of the formation of a frozen intergelosol (separat ing thawed
layer). If , however, the new temperature conditions on the surface of the soil
remain unchanged in the course of a number of subsequent years, then on the
ba se of the layer of seasona l thawing (freez ing) a nega t ive (positive ) average
annual temperature is established which corresponds to the new steady-state
regime. The latter also must be taken into account in calculations.
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For example, it is requ ired to c a l c u l a t e  the th ickness  of the in t e rgeloso l s
f o r m i n g  on the lower te r race  of a r iver  if is known tha t the perennial
average annua l air temperature (t

a
) i~ -6.2 , the  annua l amp l i t u d e  of a i r

temperature fluctuations * (A ) is -22 , and the  average pe renn ia l  t h i c k n e s s
of the snow cover (at the en~ of February)  is 0. 7 meter , and in i nd iv idua l
years decreases to 0.5 m, The terrace is composed of silty sandy l - am conta in-
ing pebbles, with a moisture content of 25% o~i the average .3 In addition , the
f o l l o w ir E  data were ob ta ined  exp er imenta l ly :  Y 

k 
— 1350 kg/rn ; 1. 7 and

>~ = 1.2 kcal/(M)(degree)(hr), and C
vo1 

S 456 and C
1~~ 

580 kcal/(m )
(degree) and Q,~ 

— 2 1,600 kcal/in were calcula ted with formulas (4.1.6) , (4.1. 7)
and (4.1.8). ~

‘

The surface of the terrace is covered with spruce and deciduous forest with a
moss cover 0.1-0.15 meter thick which has a cooling effect, reduc ing th e
average annua l temperature on the surface of the soil by 1.0° as compared with
t and reducing A ( I t s  physica l v a l u e)  by the same amount;  t~ amounts  tc +C . 2°.

Solu t ion. 1. We w i l l  inves t iga te  the possibility of forming in tergelesols in
the given region during change of the thickness of the snow cover. For tha t
purpose we determine the temperature regime on the surface of the rocks under
the snow and p lan t covers (this quest ion is examined in greater detail in
examples 10, Il and 14 of Chapter 5).

I f  the thickness  of the snow is 0. 7 meter a t  a density of 0.22 g/cc, its warm-
ing in f luence  amounts  to 7. 4 , calcu lated with the emp i r ica l formu la of V . A.
Kudryavtsev (see example 11, Chapter 5). The average annua l temperature on the
surface of the so i l  w i l l  be t — t + ~ t - ~ t , where L~t is theo q snow p lan t  p l a n t
temperature correction for the influence of the plant cover.

Having calculated t (t — -6.2 + 7.4 - 1.0 — +0.2°)and obta ined a posit ive
average annual temp~rat~re on the surface of the rocks, it can be concluded
that at a snow thickness of 0.7 m or more intergelesols do not form under the
conditions under cons ideration. However, in years when the thickness of the
snow cover is reduced to 0.5 m the average annual tempera ture on the surface
of the soi l  is lowered , as the warming influence of the snow is reduced to 5.7
As a result of that the annua l average temperature on the surface becomes
negative, that is, t — -6.2+5.7-1.0 — -1,5°, from which it is evident that
in years with winter~ with little s~ow mntergelesols will form in the thawed
deposits of the terrace.

The temperature regime on the surface of the soi l  a t  which the thickness of
the intergelesol should be calculated is characterized by: t

o 
_ l . 50

,

i1~ /l~ - A - - A - - 22 - - 5,7 - - 1 ,0 -- 13,3g .

*Here and henceforth a physica l value of the ampl i tude is asstaned which is
equa l to half of its meteorolog ica l va lue determined on the basis of the
monthly average air temperatures.
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2. WIth formula (4.3.2)  and the nomograms (Figures 15 and 17) the  depth of
the po ten t ia l f reez ing is ca l cu l a t ed , assuming tha t t 1 00

, A 15.3 + 1.5 —

— 16.8 and subs t itut ing the f o l lowing ii ~t ia1  parameters  character Iz ing the
f rozen  rock - - -, - ~~

- — . ,  - - -ii~~, ~ ‘ .,. Q~) : A , t i  ~ -,- I ,~ - ’ ;  2. , e ~~ 22;
1- , 2~5 ; ~~

‘ ~~l, I; 1’ 21 . - -- 1 , B . 2 ~ 1) ’ 7-12 , 13 ; L’ 718(Ph3 ;

h- )  - ‘ ,: - ~~~~~~~~~~ 7I ~~~’ .6.i ~~~~ -
- — - - — - - — — - —

14 ” 2’ ,

3. We ca lculate the depth of seasona l t h a w i n g  in sand y b arns under  the con-
d i tio n s :

0 ; /1 O~ i~~,3 — l ,5 r - d32’~ : -\ ,-~ 2; 1 ,2, ñ 1 - ’~~2, 2 , -i .
1’ i ; , 2 -  1 ,;3~ ~,0 , — -33 , 12 , ~~~— 2-i ,~’2 , /~ 2(500,03; B 22 t ,7~ ; L) -

• ) . 75 22 -~~7-~ . 1  4 - Y . l 5 - 2 # ~~) .( 3  - 
—-—- - - - - ---——~~~-- - ——— — -- —- - - - - — -- -- 2 i t  ti .

- 2 -1 ‘~ . 15 1 1

4. Having determined the depth of the potentia l seasona l freezing and the
depth of the seasona l thawing, we calculate the th ickness of the  in te rgelesol
of frozen rock formed per year: M

1~~ 
— 2.89 - 2.14 = 0.75 m •

4. The Nature of the Asyn!netry of the Envelopes of the T emperature  Fluc tua t ion
in Rocks and Its Consideration in Determining the Depths of Seasona l and
Perennial Freezing (Thawing)

The annua l or perennial temperature fluctuations on the surface of the ground
can be represented with su f f i c i en t  exactness in the form of a harmonic  funct ion.
In the absence of phase transformations those fluctuations in a periodically
steady-st.~te regime propagate in accordance with the Fourier laws. In the
presence of a vertica l axis of oscillation (without consideration -~f the geo-
therma l gradient) the deviations from it on both sides are ident ica l and the
envelopes represent a syninetric figure.

In the presence of a seasonally freezing (thawing) layer the course of the

variation of temperature on its base can with some approximation be ap1roxi-
mated by a harmonic function with the amplitude A~ ~nd an average ground tem-
pera ture t j . At dif ferent values of and )h~, t coincides with the average
annua l temperature on the surface (t ), and Ia the contrary case differs by
the amount of the temperature shift.

In accordance with that , a number of approximate formulas have been proposed
for the conditions of a periodically steady-state regime for ca lculation of

the depths of seasona l and perenn ia l freezing and thawing of the soil , and
also of annual and perenn ial heat cycles of the soil , the temperature shift ,
the warming influence of the snow cover , etc (Kudryavtsev and Melamed , 1961-

1967). Such an approach to the investigation of seasona l and perennia l freez-

ing has proven to be rather effective and has made it possible to solve a

considerable number of problems of frost prediction with a precision high for

practica l purposes.
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Fi gure 23 . Asymmet ry  of the t empera- F i gur e  24. D ynamics  of the OL; th of
ture  envelopes dur ing seasona l f r e e z -  seasona l f r e e z i n g  ( t h a w i n g )  f th~

ing wi th  c o n s i d e r a t i o n  of the phase ground ( 1) and tl— e t~n1~ erature on t~~~i

t r a n s i t i o n s  of water ( 1) and in the base of the layer  of seasona l frecz-
case of “dry” ground (2) .  Ing ( t hawing )  in the annua l cyc le  (2)

and in the absence of phase  t r i o -
s i t i o n s  of water  (3) .

A t  the same t ime , in examining the da ta of weather  s t a t i o n s  on obse rva t ion  of
the soil temperature regime, in a number or cases an essent ia l asymmet ry  of
the temperature enve lopes is noted. In p a r t i c u l a r, dur ing  seasona l f r e e z i n g
(thawing) of the soil the one of the envelopes wh ich is In a reg ion of nega-
tive (positive) temperatures is disposed much closer to the mean than the other
envelope (Figure 23). A very sharp ly indica ted  asymmet ry  is m a n i f e s t e d  when
there is a consi derabl e mo isture con tent of the rocks . The a symmet ry  of the
envelopes during freezing (thawing) of rocks is completely regular and is com-
pletely exp ’a ined by pr ocesses of phase transformations of water and with
adequate precision can be taken into consideration in ca lculations according
to the procedure proposed in the present work (see exampel 6, Chapter 4).

The phys ica l mean ing  of the asyn~ne t ry  of the temp erature  envelopes in the
presence of a seasonally freezing (thawing) layer at .

~~~ 

— is w e l l  i l lus-
trated by Figure 24. Dep icted on it is the course of change of the depth of
seasona l freezing (thawing) of the ground f and the temperature on the  base
of the layer of freezing (thawing) t~ in the time T in the annua l cycle. Wel l
visible on the drawing is the presence of the so-called “zero screen ,” noted
over 60 years ago by M. I. Sumgin , connected with the phase transit ions of
water in the layer of freezing (thawing). Presented in the same p lace is the
course of the variation of temperaturt in t ime at the same depth for the case
of “dry” ground , when phase transitions of water are absent. In that ease
the thermoisoplet under consideration obeys a harmonic law, the envelopes are
syiiinetr ic in relation to the average annua l temperature of the ground and the
amp litude A at any depth z is determined in accordance with (3.3.4) from the
following e~pression:

-1 , ,10 e ’ V ~~~~
- (i-I l)
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11& rL A is tta •~m~ litude of temperature fluctuations on th ~~ surface of the
gr tund , ~C , K is the ceefficlent of therma l conductivity, m /h r , and I is t he
1e riod (ve.lr), hrs .

i)ur log se,ison,i l fr~ c~zIng with phase transitions of water there can be a more
sudd~ n d ,tn ~ log of t empera tu re  w i t h  depth , w h i c h  Is m a n i f e s t e d  d e a r ly  f o r  the
branch embracing the reg ion of negative temperatures (see Figure 24). In that
case at = it  Is of great importance that , in sp ite of the  asymmetry the
average annua l t&m r &~rature of the soil at the depth ~ 

can be assumed to he
equa l t o  the  average at the surface , that is , t~ — t (in the absence of a tern-

er a t u r e  s h i f t )  and  the average tempera tu re  at  t he  d~pth of the  base of the
layer of annua l temperature fluctuatioas , that is , t~ — t o tm (at small valu .sof g ) .  A c t u a l ly , by the avera ge annua l so i l  t emperature is unde r s tood  th ~
value in relation to  which there is e q u a l i t y  of the annual heat cycles of the
ground . By virtue of the fact tha t during phase transformations of water the
course of the temperature on the base of the layer of freezing ( t h a w i n g )  is no t
desc r ibed  by a ha rmon ic  f u n c t i o n , t cannot  be regarded as the  ar i t hm e t i c  meim
between the maxima l and m i n i m a l tem~era turcs  at tha t dep th in the course of
th?~ yea r. Therefore a~ t~ It Is necessary, generally speaking , t’, take t h e
me~n Integra l va lue on the  graph of the course of t empera tures  at tha t depth
d u r i n g  the  year  wi th  c o n s i d e r a t i o n  of the  zero screen (Figure  2 4 ) .  h owever ,
as f o l l o w s  f rom the r e s u l t s  of numerous c a l c u l a t i o n s  of the depths of seasona l
f r e e z i n g  ( t h a w i n g)  w i th  a n a l o g  and e lec t ronic  computers, at 

~~ 
A

f 
the indi-

cated mean integra l va lue practically coincides with the average annua l tem-
perature on the surface  and on the base o~’ the layer  of annua l fluctuations.

Thus , in calcula ting the depths of seasona l freezing (thawing) with cor~sider-
ati on of the asymmetry of the envelopes the average annua l soil temperature
(t ) in depth can be assumed to be Invariable. It is precisely because of
th’?s fact ir. the seasona l freezing (thawing) for the branch of envelopes dis-
p o sed correspondingly on the left (right) of the axis of oscillations , tha t
the amplitude of oscillations on the base of the layer of freezing (thawing)

• Is equa l t o t .
0

The matter is somewhat different for the second branch. The thawing of the
layer of seasona l freezing which froze during the winter starts from the mo-

men t of inversi on of si gn of the t emperature on the sur face  of the ground in
the d i r ec t i on  of p o s i t i v e  temp era tures  and occurs du r ing only  a i— o r t i o n  of

- - the “warm” h a l f -p e r i o d . In the rema in ing  t ime the ground is warmed on account
of the heat capacity. That change of the ground temperature  can be descr ibed
with adequate precison in accordance with the Fourier law with an amplitude
equa l to A but a period smaller than a year. The latter is determined by the
t ime inter?a l from the moment of conclusion of thawing to the ach ievement of
the maximal temperature on the surface, In tha t case for calculation of A y
w i t h  cons idera t ion  of asyimnetry it is necessary to f ind the amount of cur tail -
ment of the period T , which can be determined if the time necessary for thaw-
ing the seasona1~ y 4ozer layer Is known. It can be calculated with the for-
mula for the potentia l seasona l freezing (thawing) of the ground (4.3.l~~
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Since the depth of the seasona l freezing (thawing ) ~ i~ a ; - r  t ion of t ;e depth
of the pot cot  Ia I t~~~w ing  ( f r e e z i n g ) f , where the Va luc ’ f 

- 
is d i r e c t  I y

proport i ona l to  ~f t , then f rom the rt~t i n  ~/ 1 the t ime nec~- -~sary  fo r  t h a w i n g
( f re e z i n g ) of the  laye r  of seasona l f r e e z i n g  (~ ha wIng ) is  c a l c u l a t e d  d i r e c t l y .

Dur ing the thawing of the seasonally frozen layer the h e at  cycles  on I t s  base ,
i roceeding through hea t capacity, will certainly be sn~i l b e r  t h a n  L o r  “d r y ”
ground . In the  l a t ter  case , as Is known , the heat cycles In the ground are
directly prn1 ortiona l to the •irrqlitude of the surface temperature and the
square  root of the l ength of the e rlod . The number of hea t cycles on the base
of the layer of seasona l f r eez ing  ( t h a w i n g )  can be reduced by r e d u c i n g  e i t h e r
the amp l i t u d e  or the length of the  per iod . C o n s e q u e n t l y ,

-I ~~vT •-~v”; ,
where A~ is the sought amp litude on the base of the layer of seasona l freez -
Ing (thawing). Aj 

is determined from (4.4.1) for the depth z

W i t h  c o n s i d e rat i o n  of the  above , the f i n a l expression for  the  am p l i t u d e  A~
in the reg ion t -‘ t (as w e l l  as the reg ion t t 0

) can be presented In the
following form :

~ V’ - (
~ 

- - (-1 4 2)

S i n c e  th e  va~ ”es of a nd ~ en t e r ing  (4 .4. 2)  have been nomogr a;hed (see Fig-
ures 1-4-19), is calculated for concrete conditions without labor (see
examp le 7).

Th e resul ts of ca lcu la t ion of A
1 

w ith the proposed procedure for differ t ot
va lues of A , t 

3
and the ground moisture at — 0.69 kcal/(m)( r)(degree) and

• 500 kc~~l / ( ~ )(degree) were verifi ed by comparison with the data --bt ined
w~ th an analog computer. The d ivergences in the  values of A

fr 
amount  t o  less

tha n 1% (Kudryavtsev and P4elamed , 1972). See example 7 for an example of
cons idera t ion  of asymmetry  in de te rmin ing  the d epth of pr o p a g a t i o n  f annua l
temperature fluctuations .

5. The Depth of Propagat ion of Annua l  Temp erature  F l u c t u a t i o n s  in Rock M. sses

According to Fourier ’s firs t law (3.3.4) the depth of propagation of annua l
temperature fluctuations in rocks is determined by the two f a c t o r s  of (~~.-. .l )
-- the coefficient of therma l conduc t iv i ty  and the -~nt1 l i t u d e  on the  s u r fa c ~
of the ground.  The validity of the law is observed fo r  regions wh er e  t h er ~
is neither perennia l nor seasona l freezing of rocks. During freezing th0
phase transitions of water greatly distort that regularity. In that case the
depth of propagation of the annua l temperature fluctuations (H) should be
considered the sum: H — + h , where h is the depth of propagation of the
annual temperature fluctuations , counting from the base of the layer I ~~. The
depth ~ is determined wi th  formula (4.1.4).  The depth h in the region  of

~‘ilenceforth for  b rev i ty  we w i l l  use the fo l l o w i n g  expressions: the dep t h s
and the layer  ~ are the depth and layer of seasona l f r e e z i n g  (or t h a w i n g ).
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seasona l freezing can be calculated with formula (4.4 .1) , slnc t t he  phase
transitions of water ar e absent In tha t layer. Accord ing  to the law indi-
cated In (4.4.1) the depth h will be determined by the amplitude of the annua l

temperature fluctuations on the base of the  seasonally frozen layer (A
1 
) and

the  thermophys ica l charac te r i s t i c s  of the rocks in the  layer  h .

in t h ~ absence of asymmetry of the t emp era tu re  curves A~ must be equa l to t~
In that case in calculating h t~ is substituted in (4.4’.i) instead of A0 (t~ e
precision of measurement of temperatures).

~~~~~~~~~~~~~~~
1*fl H11(

Figure 25. For calculation of H: a - for  the case of seasona l
freezing of rocks ; b - for  the case of their  seasona l thawing .

In the presence of asymmetry of the temp erature  f i e l d  the depth of p rop aga t ion
of annua l f l u c t u a t i o n s  should be examined separately for each branch of the
envelopes (FIgure 25) .  For the case of seasona l freez ing in the w in t e r  per iod
the amplitude of temperature fluctuations on the base of the layer ~ on the
branch of the envelope w i l l  equa l t~ (Figure 25a) .  In accordance with that
the depth of propagat ion of temperature f luc tua t ions  in the w i n t e r  pe r iod  w i l l
be equa l to h .  For the  summer period , because of asymmetry, the amp litude on
the base of the layer of seasona l freezing A~ w i l l  be grea ter than tj and
must be calculated with formula (4.4.2). The ddpth of propagation of annua l
fluc tuations h obta ined for the summer period w i l l  be sub~ t a n ti a 1 ly  greater
than  h and i t  ~s obvious tha t it is p rec i se ly  h 1 which  mus t  be ta ken into con-
sideration in determining H: H — I + h 1.

In the region of p ermafrozen rocks asyusnetry of the t emperature f i e l d  a l so  is
observed in the layer w i t h  annua l t empera ture f l u c t u a t i o n s  (Figure 25b) .  Ca l-
cu la t ion  of the depth of propagation of fluctuations here has a certa in dis-
tinctive feature in connection with the fact that in frozen rocks underlying
the layer of summer thawing there Is a change in the amount of unfrozen water
and , consequently, there are phase transitions of water, The depths h and
are found with formula (4.1.17) obta ined from (4.1.14) for calcu lation of ~
In finding h the amplitude on the base S is assumed to be equa l to t~ ; heat
expenditures on phase transitions of water in the layer h are determ fned in
accordance with the curve of the ice Content and the variation of temperatures
with  depth . The amp l i t u d e  of annua l temperature fluctuations in the layer h
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var ies  from t~ on the surface  of the layer h to zero a t  i ts  base. In  the
c a l c u l a t i o n  o~ h., the amplitude at the depth I Is equal to A~ , which is ca l-
cu lated wi th  (4 .t~.2 ) .  In that case the phase trans itions are determined on
the basis of the change of the quant i ty  of unfrozen water in the temperature
ra nge from t

1~~~ — t
1 - A~ to t~ . It is obvious that H — f + h2 must be

taken as the depth of p rop agat ion  of the annual temperature fluctuations . Ex-
ami les of the calculation of I-I are presented below.

C a l c u l a t i o n  of the  Depth of Pr opagation of the Annua l Tempera ture  F l u c t u a ti o n s
(H)  in the Region of Seasona l Freezing of Rocks (With and Without Consideration
of the Asymmetry of the Temperature Envelopes (Examp le 6)

Calculate the depth H, if in the process of a f ros t  survey on a sect ion the
f oll owing data were obtained : t! +3 , A 15 and I — 1.8 m. Theo max
upper part of the profile to a depth of 18-20 in consists of alluv ia l sandy
loams , wi~ h the following properties: A~ 

— 1.2 kcal/(.m)(hr)(d~gree); K*
— 0.003 m /hr ; Q~ 

in accordance with (4.1.4) is 18,000 kcal/m

S o l u t i o n .  1. In the case of symmetry of the temperature envelopes , when
A 1 — t1 , the depth of propagation of temperature f l u c t u a ti o n s  w i t h  cons idera-
tion o~ (4.4.1) is:

H : - h ;  h 
t: 

-

0.1 ~ -
~ 

(-~~~ 1)

I! In ~~ / 0.00381i0
o.~~ ~~

- —
~~~~~~~~~

-
~~
— 

~~9,8 ~t .

Consequently, H • 1.8 + 9.8 — 11.6 m .

2. In the case of asyninetry of the temperature curves instead of t1, A~ is
taken and the depth H is determined in the following manner:

H =~ - h1; i: 1 = 1n—~-P 1~~~ri~. (4 5 2)

where in accordance with (4.4.2) 
- - - 

= A~ ~~

7
I — {

~ 
(
~ 

f

) ] 2

where A
’ u m  

is the ampl i tude  of temperature fluctuations at the depth~ in

the summer per iod and A 1 is calculated with (4.4.1). For the condi t ions
characterizing the given section we find that

• 4 . 14

1. - 15 -e  
- - 

- =

( — 2.6 m (according to the nomogram on Figure 19 at t — ~0, A0 — 15 + 3 — 18°).
If we substitute the values of A , A and f , we find Ao p 1-sum

/ 1 8  / 3 ~ 2
A- ., 7, 2 ‘

~~/ 
I — ‘ - - 1 1  - - — 

~~~ 5,~ °•2 ,6 \ lh ~ 3 )

— ~ /C~~;in  Chapter 3 K corresponds to a
2
.
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Then -2 , ~~ ,~~~, a if - I ,~~ - 11 ,7 - 13 ,5 ~i .

0.1

Thus It is obvious tha t for the case under consideration the depth of propa-
gation of the annua l temperature fluctuations in the ground , calculated with
consideration of the asymmetry of the temperature enve lopes, exceeds by al-
most 2 meters the depth calculated without consideration of asymmetry.

Ca lculation of the Depth of Propagation of Annua l Temperature Fluctuations
(H) in the Region of Permafrozen Rocks (Example 7)

Calculate the depth H in the region of~~ropagation of permafrozen rocks if
the following data are known: t~ — -3 , A 15 ; the layer of season~ l thaw-
ing , equa l to 1.6 m, is underla in by frozefl b arns with ~ k 

— 1100 kg/rn ; w
35%, )~ 1.5 kcal/(zn)(hr)(degree); the content of wu 

i~ the loam as a func-
t ion of -t is shown on the gra~ h (F igure  26) .  Accor~~i~ g to f o r m u l a s  (4. 1.6)
a nd (4 .1.8) Cvol f ~ 460 kcal/m and Q~ — 26 ,400 kcal/m respectively.

- 4/

T~~~~\W. .11’,~

t - - /, 5~ f~

Figure 26. Grap h of wun as a funct ion  Figure 27. Latitudina l zona t ion :
of temperature for  loam, I - depth of the seasona l f r e e z i n g

and thawing of rocks ; 2 - depth of
the potential seasona l freezing and
thawing; 3 - depth of the propaga-

-
‘ tion of annua l temperature fluctu-

at ions.

Solut ion.  1. We ca lcula te  wi th  formula (4.4.2) the va lue of AS (with con-
s i d e r a t i o n  of the asymmetry of the temperature curves ) , for  which we f i n d
in accordance with (4.4.1)

i/ 3 1 4
/~ 15 .e 

.G V O. O O l - 4 ~, 6O 8,60

- 2.4 m (according to the nomogram on Figure 19 at t — 00 and A — 15 +

+ 3 — 18
0
);

,41=8,6

*In fornu la (4.4.2) the absolute value of t
1 

is taken In all cases.
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2. We determine the amount of hea t expended on phase transitions of
water in the frozen rock mass in the layer  h

2 
(see F igure 25b). Since the am-

pli tude on the base of the layer  of seasona l f r e e z i n g  is deter ~~ined by the
va lue of I t~I (for the envelope the minima l temperatures by depth), th en it
is obvious that ofl the surface of the layer h

2 the phase transitions of the
unf rozen  water proceed in the temperature range from 0 to t — t~ - A~ . In
the given case it Is from 0 to -10.2

On the base of the layer h
2 
practIcally no phase transitions of water occur

in the annual  cycle  of temperature  f l u c t u a t i o n.  Therefore It can be assumed
that on the average for  the layer h 2 the phase t r ans i t i ons  of un f r o z e n  water
are determined by the temperature range from l/2t

1 
to tS - l/2A t . In the0

case under cons idera t ion  that range is in the  temperature range of 1.5-6.6

According to the graph of the dependence of the amount of ungrozen water in
loam on the0tempera ture (F igure 26) we f ind tha t a t  t — -1.5 w — 11%, and
at  t — -6.6 , ~~~ — 6.2%. Consequent ly ,  4.8% of the mois ture  p~ P tici pates
in the phase t r a n s i t i o n s  of water in the f rozen  loam of layer h ,. From this
we f ind the expenditures of hea t on the phase transitions of water (~~w) inlayer h

2
:

11 00- 1 .8w =- 80 ——— -— —  - 4224 a~-2 ’~~ .
~
I (.~O

3. We find the depth of propagat ion of the annual  temperature f luctu-
a t i o n s  in the layer h

2 
with formula (4.1.17): h

2 
— 3.8 m.

Consequently, the entire 1~yer of annua l temperature fluctuations (H) with
cons ideration of the layer of seasona l mel t ing  (f) is: H — 3.8 + 1.6 5.4 m.

The depths of propagation of the annua l temperature fluctuations calculated
with  the given procedure are used fo r  ca lcu la t ion  at the depth of the zero
annua l amp l i tude  of the average annua l t emperature of rocks on the basis  of
single measurements of them in wells, for the calcula tion of the annua l heat
cycles , for  de terminat ion  of the dep th of co re -d r i l l ing  wel ls  dug during a
frost survey, etc.

The depth of propagation of annua l temperature fluctuations in rocks is sub.
ject to geograph ic latitudina l zonation. The latter is presented on Figure
27 . During movement f rom southern regions northward seasona l freezing of the
soil appears, the depth of which increases in proportion to approach to the
southern bcundary of the region of pr opagat ion of perinafrozen rocks , where
it reaches its maxinswi, There the seasona l freezing changes into seasona l
thawing. During further advance northward the depth of the latter diminishes.

The depth of potentia l thawing in the region of seasona l freezing is maxima l
in the south and diminishes in proportion to movement northward. On the
southern boundary of the propagation of permafrozen rocks it becomes equal
to the depth of the seasona l freez ing . An analogous dependence is noted for
the depth of the potentia l f reezing of soils (see Figure 27).
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Quali tatively the same regularity is also observed for the depth of propagation
of annual temperature fluctuations. In the south and in the north , where the
average annua l temperatures differ sharp ly from zero , the depths of propagation
of annua l fluctuations are grea t and reach 15-20 or more meters. Near the
southern boundary of propagation of permafrozen rocks, at temperatures close
to zero, the depth of propagation of annua l fluctuations is limited to 2 ~r 3
meters beneath the base of the layer of seasona l freezing (thawing). This can
be i l l u strat ed by data for the region of the city of Salekhard (see Figure 6
and Chapter 3).

From a n a ly s i s  of the r e g u l a r i t i e s  ~ c i the  prop aga t ion  of t emp e r a t u r e  f l u c t u a t i o ns
in the ground mass it follows that in a region of permafrozen rocks the depth
H , other conditions being equa l , w i l l  be sma l ler than in a regi on of seasona l
f r e e z i n g .  T h i s  is connected wi th  the phase t r a n s i t i o n s  of water  occur r ing  un-
der the in f luence  of the annua l temp erature f l u c t u a t i o n s  in the layer  of pe~rma-
frozen rock masses underlying the layer of seasona l thawing.

D e t e r m i n a t i o n  of the Average Annua l T empera tures of Rocks a t  the Depth of
Annua l Zero Amplitudes on the Basis of Single Measurement of Temperature in
a Well (Example 8)

Limitation of t without consideration of the geotherma l gradient . In a frost
survey in a wel1? 14 meters deep a profile of deposits (alQ

3) was studied and
samples of rocks were taken for determination of their moisture content , den-
si ty and other properties. The characteristics of the rocks in the profile of
the well are presented in Table 16. The depth of the seasona l thawing of rocks
reaches 2.9 meters on the profile. After the well had stood the rock tempera-
tures were measured , the var ia tion of which by depth is presented on Figure 28.

Tabl e 16 Characteristics of rocks over the pr file in a well

.
-

~ 

- D ~~~~~~ -F -

A B } -o . ’ .’.r r i~~.
0 t a.’ C - a ; i u  . ( - r b 0 I~ P pee 

~~~~~~~ .4- H i - I  . . It .
.

-~~ - - . - i loj oaa • I l ~ CIs C PTI 1 0104- ,~ 
,~~ -

— 

‘(01 4 4 ac , ~

0.0—5 ,7 ~ [ I ’ C U k  4 4 4 . , ~~~~~ 1-5 ~~~ ~ . I ~U0
~ IIiI~)I I 4 4 4 I~~I1

• i 2 
~~~ Tg .v4I4 ,TI4ae- -1 (4 I • ‘~ - 10)

~ , I - - 14 .0~ ( ‘ ~~~~ct ,  .I4~~~ .,i4 23 t5~ 4) I , ,’ 450

Key: A ~-interva l of depth , m B - Rock C - ~ota l moisture content w, 7~
D - Volume weight of rock skeleton J, kg/rn E - C o e f f i c i en t  of therma l
conduc t iv i ty  of f rozen rock kca l/ (m ) (degree ) (hr ) F - Volume  spe-
c i f i c  hea t of rock C , kcal/ (m ) (degree I - Fine-gra ined qua r tz  sand
2 - Heavy s i l t y  sandy loam 3 - Light sandy loam
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6 Figure 28. For determination
of t on the basis of a single

8 meas~ rement of temperatures in
a well.

12

/4

Solution. To find the average annua l temperature of rocks at the depth of
the zero annua l amplitude on the basis of a single measurement of tempera-
tures in a well it is advisable to use Fourier equation (3.5.1), applying it
for the layer of annua l temperature fluctuation s (h) below the layer f . The
problem Is solved by the method of tria l and error. From a temperature curve
constructed on the basis of the data of measurements are taken the values of
the ten,~perature (t) at the proposed depth (h), read off from the base of the
layer ~ . The values of t and h are subst i tuted in formula (3.5.1). The
calculation is repeated unt i l  the selected va lues assure ident i ty .  In tha t
case it is assumed that A~ — t

3 
and phase trans i t ions  in layer h are not taken

into consideration.

1. Since the profile of the deposits has a three-layered structure , to f ind
t
H 

it is necessary to determine the wó4ghtod mean values of >% and C on the
basis of which the coefficient of therma l conductivity K of layer h is cal-
culated later . I n the calcu lat ion of the wei ghted mean va lues for  the layer
h , layer ~ is excluded : 2 . 1.2 , 8 1. 0 2 . 1 _____. 4  

I I I  
---—— ~~~ ~z~ 1 , M kJ ~i 1 ? ’.4~~~r’4’7a(3 ’ ’iaC ,

500 2 8  400 2.4 •l’jO 5 9  rCc1- 
~~~~~~~~~~~~~~~~~~ 

- -~~~ 4aO ‘~ aj, .~L ’ 2pa() ,

N —
i
--- - - ~.!4 -

~~ 0 ,004 ~~/~ac.
~~ 

.,~ lJ

2. We will assume that H — 10 meters , a nd then t H at that depth in accordance
with Figure 28 Is equal to -0.6°. We make the necessary substitutions in
equation (3.5.1) and the t ransformation wi th  respect to H:

H ~~-r

I 0,004 8760 0.610 - 2 ,9 + V 
_
~~~~ _ _ _ b n
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We f i n d  tha t  10 j’ 2.9 + 3.35 x 1.8, that is , the depth of propagat ion  of the
annua l f l u c t u a t i o n s  is not 10 meter s and the average annua l temperature  does
not correspond to _ 0 .60

.

3. We w i l l  assume that H — 9 meters .  At tha t depth t — -0. 65°. U pon sub-
stitution we find tha t 9 2 .9 +3.35 x 1.87, that Is, 9 — 9.1, which can be
taken as identity.

Consequently, in the given case the depth of propagation of the annua l tem-
perature fluctuations In frozen sands and sandy b arns reaches 9 meters , and
the average annua l tempera ture at tha t depth is ..0.65~~.

In c, ses where t~ ~ 
A~ and it Is impossible to neglect the phase t r a n s i t i o n s

of water in the frozen rock mass, the average annua l temperature of the rocks
at the depth of zero annua l amp l it u d e s  should be determined on the basis of
single measurements of temperature in wells only after the depth H has been
found w i t h  the ca l cu la t ing  metihods a n a l y z e d  in examples 6 and 7.

/De te rmina t ion  of t
h 

with consideration of the geotherma l gradient!.  The geo-
therma l gradient , obv ious ly,  can be determined from the equat ion :

g h, h
’

where th is the temperature of the rocks at  a certa in depth h 1 
(H

1 must be

at least 1l0 meters greater than h) and t
h is the average annua l temperature

on the base of the layer of annua l temperature f l u c t u a t i o n s  h .

In accordance wi th  the gradient the average annua l t emperature on the base of
the layer of seasona l thawing at the known va lue of t~ will be:

- 
~~~~~ 

— 
~~~~ 

I

If  we assume the condi t ion that on the base  of the layer~~ A — t~~, we can
wr i te :

/L - •lr, 1 ~~~ - (t h , 
-

Theref ore, if we have the temperature curve at the moment of investigation in
the well , we can by matching the values of t and h find the va lue of t

h s

Thus , for example, in conducting a frost survey on section 1 of a terrace above
a flood pla in composed to a depth of 37 meters of a mass of alluv ia l sandy
b arns with a coeff icient  of thermal conductivity (~ ) of 0.0036, the followingtemperature distribution (‘fable 17) was obtained in a well during single mea-
surements. Cn the baaig of Table V7 we wi l l  assume that h — 25 in, and then

— -0.8°. We wi l l  then assume that h — 10 in and t
h 

— h° and verify
1

whether those va lues give Identity when substituted In the equation for h :
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10 
~ - 

0,8 -  ( 0,8 I 

~~~~~~~
~ 3 ,14 0, 1 

-

10 3,2 In _H
~~~~~~ °~~.) 10 :3 ,2 In  ._L~!0.1 (LI

that is
l0~~~3,2.2,43.

Table 17 Temperature distribution in a well

A r . ~~’(,,o1ec~
“‘ ‘~~ ~‘° I 2 3 4 5 6 8 ID 15 20
.,u;RIJ C_ i - , , 4  -

B ~~~~~~~~ [ Q 3 ~~~~ 6 O
~~~~

O
~ 1l - i~~ - 1 .1 -I ~~~~~~~ 

I~~~~~~~~

p .), .c

Key:  A - Depth , counted from the base of the la yer ~ , m B - T emperature , °C

Let us be given new va lues of h in accordance wi th Table 17: h — 8 m , when
th 

— ~~~~~~ We ve ri ty  the presence of Identity:

1. 25
~ 3,2 • l n  ~~— ; 8 --  3.2 In  — ;

8 ~ 8.1, that is, we practically have ident ity.

Thus we f ind tha t the average annua l temperature of the rocks at the depth h
is -1.1
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Chapter  5. Forecas t ing  the Change of the T emperature Regime and the Depths
of Seasona l Freezing and Seasona l Thawing of Rocks

I . C l a s s i f i c a t i o n  of T ypes of Seasona l Freezing and Seasona l Thawing  of Rocks

The study of r egu la r i t i e s  of the format ion of the t emperature regime of rocks
in the layer of annua l temperature f l u c t u a t i o n s  is insep arably  connected w i t h
study of regularities in the formation of the la yer of seasona l freezing and
the layer of seasona l thawing , since it Is precisely in those layers that the
main part of the therma l processes is realized which includes above all the
annua l heat cycles (conduct ive heat exchange) and heat and moisture transport
(convective heat exchange). The annual hea t cycles in rocks are a component
of the radiation heat balance of the earth ’s surface and can be represented
as a function of the temperature regime of the surface and the thermophysica l
properties and moisture content of the rocks.

In  s t u d y i n g  seasona l f reez ing  and thawing  it Is necessary to take into consid-
era t i o n  both the thermophysica l aspect of the process and the geolog ica l medium
and geographic situation in which it proceeds , and a l so  t he i r  mutua l connection .
For fulfilment of that main condition it is necessary to distinguish the most
generalized factors or signs determining the conditions and charactar of the
seasona l freezing and thawing , and classify the studied phenomenon on the basis
of them. Distinguished as such signs (Kudryavtsev , 1959) are the average an-
nua l temperature of the rocks, the amplitude of the annual temperature fluctu-
ations on the surfac• of the soil  and the comp osi t ion and moisture content of
the rocks .

The va lues of the a nnua l heat  cycles of the soil , and in p a r t i c u l a r  tha t po r t i on
of them which is connected with seasona l freezing and thawing, are determined
by the aggregate of those four signs. Established in the classification for
each of those signs are the limits of their changes, start ing from the connec-
tion of the quantitative values which give a new qua l ity of the phenomenon
under cons iderat ion.

The first two signs, the average annua l temperature of the rocks and the an-
nua l amplitude of oscillation of the average monthly temperatures on their
surface are geograph ic; they are readily mapped on both large and small scales.
The aver age annual  temperature of the rocks is subject to latitudina l and
height zonations . The other two sign;  (the l i th obog ica l composition ..nd the
moistur e content of the rocks ) are geologica l and vary regionally in accordance
with the structure of the earth ’s crust and the pr inc ipal forms of the relief.
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The z ona l si gns are made the bas i s  of the  c l a s s i f i c a t i o n  and de ter ~~ine  the
difference between the seasona l freezing and seasona l thawing of the soil..
The seasona l freezing rel resents the freezing of thawed rocks having an ver-
age a n n u a l  temperature above 00. The layer  of seasona l f r e e z i n g  Is u n d e r l a i n
b y u n f r o z e n  rocks  and Is formed on account of h e a t  cycles proceeding a t  nega-
t ive rock t emperatures .  The seasona l t h a w i n g  represents  the t h a w i n g  of f r oz e n
rocks h a v i n g  an average annua l  tempera tu re  below 0°. The la yer of seasona l
thawing is u n d e r l a i n  by p ermafrozen rocks and is formed on account of heat
cycles  proceeding at positive r ick t emp era tu res.

As a r esu l t  of tha t , classifica t ion consists of two par ts .  Adopted as the
b oun c~~ry  sep ara t ing  seasona l f r eez ing  f rom seasona l thawing  in the c lass i f i-
ca t ion  is an average annua l rock tempera ture of 0

0
. But the average annua l

temperature of the air and rocks does not rema in constant from year to year ,
but f l u c t u a t e s  c o n t i n u o u s ly.  The most f requent  d e v i a t i o n s  form in th e-  rang e
of +10. In separate years they reach values of +2

0
. In accordance w i t h  tha t

in the range of 0 t +1
0 the average annua l tempera tur e w i l l  per iod ica l l y pass

Lh r- ug h O~ and assume negative and posit ive va lues. At average annua l tem-
peratures of rocks of from +1 to +20 and from -l to _20 such a cours e w i l l
also be traced , but episodically, in separate warm and cold years. This deter -
mines the need to distinguish the trans itiona l and semitransitiona l types of
seasona l freezing and thawing of rocks respective ly.

The transition of the average annua l temperatures of rocks in the range from
+2 to +50 into the negative, or in the range from -2 to -5° into the positive
Is connected with the long periods or sharp changes of heat transfer on the
surface of the ground. Therefore in the given intervals of the average annua l
temperature of rocks long stable types of seasonal freezing and types of sea-
sona l thawing of rocks respectively are distinguished.

In  the temperature in te rva ls  from + 5 to +10
0 

and from -5 to _ l00, s table  types
of seasona l freezing and types of seasona l thawing of rocks res~ ective1y are
dis t inguished.  At a temperature above +100 , southern , subtropica l and trop ica l
types of

b
seasona l freezing of rocks are established , and at a temperature Iowc-~

than -10 , a rc t i c  and polar  types of seasona l thawing of rocks.

Depending on the correlation of the amplitude and the average annua l tempera-
ture , also determined are four  uns tab le  types of seasona l freez ing and four
unstable types of seasona l thawing of the soil (episod ically and periodically
manifested and periodically and ep isodically disappearing).

The f o l l ow i n g  types are d i s t ingu ished  on the basis of the ampl i tudes  of tem-
perature on the surface of rocks : the marine type with  ampl i tudes  of t empera-
tu re of less than 7.5°, cha racter i s t ic of the seacoast s of m i d d l e  l a t i t u d e s;
the moderately marine , with amplitudes of temperature of 7.5 to 110 --  on the
northern seacoasts; the moderately continenta l with amplitudes of temperature
of 11 to 13.5° -_ in the European part of the USSR ; the continental , with
ampl i tudes  of t empera ture of 13.5 to 17° -- in the Western S ibe r i an  lovIand~
the more intensively continenta lwwith  ampli tudes of temperature of 17 to 21-- on the Centra l Siber ian highland ; the sha rply continenta l wi th  amplitudes
of temperature of 21 to 24° and the espec ially sharply continenta l with ampli-
tudes of temperature above 24° -- in the Northeast and in Zabaykal’ye.
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A tota l of 85 genera l geographic types of seasona l f r e e z i n g  and types of
seasona l thawing of rocks have been ~ i s tin g u i s h e d , w i t h i n  each of which  it is
necessary to d i s t i n gu i s h  v a r i e t i e s  in compositt on  and mois ture  content . In
accordance w i t h  that , wi th  respect to c omp o s i t i o n  one can d i s t i n gu i s h  the fol-
lowing main varieties of rocks : 1) rocky and semi-rocky, fissured and weathered ;
2) gravel-pebble; 3) rock debris; 4) coarse to  fine sands; 5) fine sands; 6)
sandy b arns ; 7) b arns ; 8) c lays ; 9) 

~~

- -

Wi th respect to moisture content it is necessary to distinguish four gradations
as a function of the quantity of wate r  p a r t i c ip a t i n g  in the phase t r a n s i t i o n s
during the freez ing and thawing of rocks. The first gradation at w < Wun 

is
cha rac te r ized  by an absence of phase t rans it ions du r ing the f r e e z i n g  of
grounds . In the f o l l o w i n g  three g r a d a t i o n s  the phase t r a n s i t i o n s  increase f rom
0 at  w — w to a maximum va lue at w — w .  I t  Is a d v i s a b l e  to d i v i d e  tha t
range of un

pha se transit ions into three gradations . For the second grada-
t ion w w w + 113(w - w ); f or the third gradation w + l/3(w -un un t un un t
- w ) ~~ w ~

-- w + 2/3(w - w ) and for the fourth gradation w -
~~ w +

un un t un un
+ 2/ 3(w

~ 
- w ) .  Here w is the natural moisture content of the ground , deter-

mined at the moment of freezing (thawing), wun is the amount of un f rozen  water
and w~ is the tota l moisture content.

Thus the number of comb inations of different values of classification para-
meters can reach a large value. From this, naturally, also flows a great vari-
ety of depths of seasona l freezing and thawing of rocks observed in nature.
One and the same dep’th of seasona l freezing (or thawing) of rocks at different
points is exp la ined by different comb inations of natura l factors and , on the
contrary, under Identica l natucal conditions different depths of seasona l
freezing (thawing) form. As a result of the complexity of the influences of
those factors the change of one of them in these two cases leads to very dif -
ferent  results.

Wi thin each type for all the distinguished varieties the depth of seasona l
f r eez ing  and thawing of rocks can be ca lcu la ted  wi th  any  of the exis t ing  ca l-
cu la t ing  formulas. The only requi rement  in that  case is expression of the
depth ~ through the average annua l temperature of the rocks and the amplitude
of te~npera tures on their  surface with consideration of distinc tive features
of the composition and moisture content of the rocks.

A very important aspect in that ~pproach is the p o s s i b i l i t y  of de t e rmin ing  the
d ynamics of change of both the types of seasona l f reez ing  and thawing of the
grounds and the depths corresponding to them in t ime as a function of the
change of concrete conditions.

A map of the types of seasona l freezing and thawing of rocks compiled on the
basis of the classification under consideration makes it possible to reflect
the regularities in the development of the studied phenomenon and permits de-
termining how at each point a definite depth of freez ing (or depth of seasona l
thawing) forms . If one knows the character of the change of each fac tor  of a
given complex of conditions one can determine how the depth of the seasona l
freezing (or thawing) or rocks also changes. In addition , both the maximal
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mean renn i i i  depths and the l i m i t s  of their fluctuat ions a r e  g iven on such
mai s and the  c h a rac ter  f t h e i r  var lit ion in the pr c i :~ 5 of the construct ion
and subsequent ~ erat ion of s t ruc tu res  is r o in t e d  out . T h e r e f o r e  nomogram~
fi r the  c a l c u la t i o n  of depths mus t o b l i g a t o r i l y  he a t t a c h e d  to such mal.s (se- c
Fi gures  14-19).

The average  annua l tempera ture of rocks and the am~ Iltude of temperatures on
t he i r  su r face , and a l s o  the cnn~~os it ion , moi s tu re  content  and  therm h y-~ica1
ch a r a c t e r i s t i c s  of the rocks are determined as a result of field survey work.
In c a l c u la t i on s  with the formulas (Chapter 4) comp l e t e l y  de t e rmined  va lues  ~f
the 1 - arameters are taken , ari d so the results obta ined with the ca l c u l a t i o n s
are  u n a m b i gu o u s .  Such an ap1 roach ex c ludes  the  p o s s i b i l i t y  if f ree  select ion
(if the va lues  of pa rameter s  f rom r e fer e n c e  ma nuals .  The r e s u l t s  of ca lcula-
t ions  on the b a s i s  of parameters concretely determined In the field make it

l oss ible  to v e r i f y  the correctness of the c a l c u l a t i o n s  by comparing the ob-
t a i n e d  d a t a  w i t h  the  ac tua l  depths  of the seasona l f r e e z i n g  and t h a w i n g  of
the rocks .

I t  is an iirj n r t a n t  f ac t  tha t  through the m a i n  c h a r a c t e r i s t i c s  adopted in the
c l a s s i f i c a t io n  the  seasona l f reez ing and t h a w i n g  of rocks are l i n k e d  w i t h  the
genera l f ro s t  s i t ua t i o n  of the region.  Therefore  each type of seasona l freez-
ing and  t h a w i n g  is connected both w i t h  the genera l cha rac te r  of the type of
permafrozen rock ~~sses and with distinc t ive features of the cryogenic pheno-
mena developed within its limits. In addition , the temperature conditions of
the rocks and  the  depths of seasona l fr e e z i n g  and thawing  are  connected w i t h
th e s~~b fr o s t a l w at e r s  and lea kage water en~~losed in them. By v i r t u e  of t h i s
the map of types of seasona l f r e e z i n g  and thawing or r ocks , besides i t s  d i rec t
t a sk , makes it Possible to j ud ge the general  f ro s t  s I t u a t i o n .

The In terconnect  ii ii of geologica l , geographic  and thermophys ica l regu l a r i t i e s
In the formation and deve lopment of the temperature of rocks (t ç and A. ) ,  the
depths of their seasona l freezing (~ f

) and thawing (~~) and a l l ~~other  8harac-
teristics of frost conditions is expressed through the influence of different
elements of the natural environment on ti,, A and ~ . By virtue of this , in
c omp i l i n g  a f r o s t  forecast  i t  is necessary tg determine the qualitative and
q uan t i t a t i v e  i n f l uence  of the  pr i n c ipal comp onents of the natura l env ironment
on the ‘-~dicated parameters.

For a c h a r a c t e r i z a t i o n  of the temperature regime of the rocks in the  layer (if
seasona l f r eez ing  ( t h a w i n g )  It is necessary  to  have a v a i l a b l e  the  f o l l ow i n g
basic data : the average annua l t empera tu re  ( t )  arid he amp l i t u d e  of the
annual temperature fluctuations under coveis (on the surface of the soil (A )
and the average a n n u a l  t emp era tu re  at  the ~1e~ th (t~ ) .  The f i r s t  two char- °
acteristic s are formed under the influene - - f the radiation heat balance of
the surface of the ground and the therma l e f f e c t  of d i f f e r e n t  n a t ur ~~1 covers
(snow , plant and w a t e r ).  The th i rd  c h a r a c t e r i s t i c  (t~ ) is formed under  the
i n f l u e n c e  of the  tempera ture  regime on the  s u r face  of the soil , dis t inct ive
features of the composition and m o i s t u r e  r~- gtme of the r icks and therma l pro-
cesses (conduct(ve and convective ) taking place in the layer .~ . Connected
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w i t h  convec t ive  hea t exchange ~.n the laye r  ~ is the  fo r m at i o n  of a tempera-
t u r e  s h i f t  on account  of the  separating effect of the infiltered volat ile
a t m i sp h e r i c  : r e c i~ i t a ti o ns  or ground and subsur face  wate rs  (At ). Examined
hi -~low is t h e  i n f l u e n c e  of the  p r i n c ipa l  n a t u r a l f a c t o r s  on the prec f o r m a t ion
of the averagi  annua l t i ~’Im-i r a tu re  and the depth of the seasona l f r e e z i n g  ( thaw-
Ing)  of rocks .

2. Dependence of the i on; e r i t u r e  Reg ime and Depths of Seasona l F reez ing  and
Thawing of Rocks on Their Composition , Moisture Content and Thermophy s ica l
Character 1st ics

The dep endence of the change of the tempera ture  regime and the depths of the
seasona l f r e e z i n g  and t h a w i n g  of rocks on t h e i r  l i t h olo g i c a l c h a r ac t e r i s t i c s
and m o i s t u r e  con ten t  is presented in the following form.

Change of the lltholog ical characteristics of the composition of rocks leads
;r i m ar l l y to change of t h e i r  phermoph y s i c a l proper t ies  -- therma l c o n d u c t i v i ty
and heat  c ap a c i t y.  I t  f o l l o w s  f rom f o r m u l a  (4 .1.4) tha t I is d i r e c t ly  p r o W
; ort iona l to the  square  root of the therma l c o n d u c t i v i t y  and has a somewhat
more comp lex dependence upon the  heat  cap a c i t y .  It Is ev iden t  from T a b l e  18
and F igure  29 tha t when the d i spers ion  of the rocks increases  the c o e f f i c i e n t
of therma l c o n d u c t i v i t y  decreases. There fo re , other c o n d i t i o ns  be ing  equa l ,
the  greates t depths of seasona l f r e e z i n g  ( thawing ) form in coa r se ly  disp ersed
rocks and the si~~llest in finely dispersed.

Table 18 Change of the therma l conductivity of rocks as a function of their
mech-~nica l comp os i t ion

— 
B — — — U t~ F

A 
~~a

I i . ~ -s ~napuisu. - -- 2 2 u.~ ‘7 ,4 I : I ~ O U ~ - t 0~~2
I
~s , l

~~O4 1 (~
•iO~~~ () O 1

2 ~~~- ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 2 , 30 ,. I - - ;  
~~~ i , :- ~

n h  ‘, I O O  )

I I
Key: A - Ro~k B - Granu lometric composition, sin C - Specifid gravity,

tons/rn D - Tota l m o i s t u r e  content  w , % by weigh t E - w in
determ ina t ion  of )~, 7. F - )~, kca1/~ in)(hr)(degree) a - frozen
b - thawed 1 - Qu irtz fine sand 2 - Ligh t s i l t y  sandy loam
3 - Ligh t s i l t y  loam
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Fi gure 29. Change of the c o e f f i c i e n t  F i gur e  30. Change of the depth of
of therma l c o n d u c t i v i t y  of rocks as a seasona l f r e e z i n g  and t h a w i n g  of the
f u n c t i o n  of moi s tu re  con ten t :  1 - ground as a function of moisture
sand; 2 - sandy loam ; 3 - loam content.
a - A , kcal/(m)(degree)(hr)

I t  a l s o  is g e n e r a l l y  known t ha t  the therinop hys ica l propert ies  of rocks
vary  s u b s t a n t i a l l y  w i t h  v a r i a t i o n  of t h e i r  d e n s i t y,  po ros i ty  and m i n e r a l o g ica l
composi t ion .  Denser rocks have greater therma l c o n d u c t i v i t y  and heat  capac i ty .

In examin ing  the l i t h ol o g ica l characteristics of the composition of rocks and
Its  in f luence  on the depth ~ it is necessary to s i m u l t a n e o u s l y  examine a l so
the mois ture  content of the rocks , since w i t h  v a r i a t i o n  of it t he i r  therino-
phys ica l cha rac t e r i s t i c s  a lso  vary subs tant i a l l y .  As fo l lows  from Table 19 and
Fi gur e 29 , the coe f f i c i en t  of therma l conductivity of dispersed rodks increases
with increa se of the moisture content. Very sharp increase of the therma l con-
ductivity of thawed rocks is observed in the ranges of low moisture contents
(up to the m a x i m al molecu la r  mois tu re  content ) and con t inues  to increase wi th
increase of the moisture content to the tota l moisture capacity. Fur ther in-
crease of the moisture content leads to disturbance of the contacts between
the mineral particles, to reduction of the density of the rocks and therefore
to reduction of the therma l conductivity.

The variation of the therma l conductivity of frozen rocks in connection with
variation of the moisture ooritent is characterized by a somewhat different
dependence . Decrease of the therma l co n d u c t i v i t y  of f rozen  rocks is observed
only  a t  low mois tu re  contents (up to the maximal molecu la r  mois ture  capacity),
when the forming  separate ice c r y s t a ls  worsen the therma l contacts .  in a l l
other cases an increase of the moisture (ice) content of frozen dispersed rocks
leads to increase of their therma l conductivity. In accordance with the  lat-
ter , increase of the moisture content of the rocks ought to lead to increase
of the depth of seasona l freezing (thawing). But the moisture content of the
rocks has a very strong inf~kuence on the depth ~ through the phas e transi t ions
of water , the percentage of the pa-ticipation of which in the tota l annua l heat
cyeles of the rocks reaches 50% or more . In thit case the larger the moisture
content of the rocks the more heat is expended on phase transitions of water In
them and the s m a l l e r  the depth of the sea sona l f r eez ing  ( thawing).

The general dependence of the change of depth of the seasona l f reez ing  (thaw-
ing) of rocks on their moisture content is dep4cted on F igure 30. It is
evident from the presented curve that when the moisture content increases from
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Tab le  19 V a r i a t i o n  of the therma l c on d u c t i v i t y  of rocks as a function
of their moisture content

- 
B C D E F X .
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Key: A - Rock B - Volume weight  of rock skeleton ~~

‘ 
, t/m 3 C - Volum e

‘1 3 skwei ght of mois t  rock , ~~, ton/rn D - Tota l moisture capacity, W~~, “
E - w during determ ination of A , % of dry weighed port ion F -
>‘. , kcal/(m)(hr)(degree ) a - f rozen  b - thawed
I - F ine-gra ined sand 2 - D i t t o  3 - Light , s i l t y  sandy loam 4 -
Light, si l ty loam

zero to W the depth ~ increases. This  is expla ined by the f ac t  tha t in that
case the therma l conductivity increases more than the heat capac i ty .  In
tha t  range of mois ture  content a l l  the mois ture  in the rocks r ema ins in the
l i quid state at ny~ative temperatures. In that case the rocks are not frozen.

A~ natura l moisture contents of the rocks exceeding w at temperatures below
0 a port ion of the water freezes.  W i t h  increase of un the mois tu re  content
in tha t case, in the tota l heat cycle of the rock there is a sharp increa se
of the percen tage of phase transitions , In connection with which the depth

~ increases.

The composition and moisture content of the rocks substant ially determine the
depth of the seasonal freezing (thawing) also in connection wi th  the tempers-
ture shift which changes t~ in comparison with t

o
.

In Chapter 4 i t  was pointed out that the temperature shift (~it~, ) ar ises on
account of change of the coef f ic ien t  of therma l conduc t iv i ty  of the rock during
its t r a n s i t i o n  from the melted to the f rozen s tate  in the process of seasona l
freezing (thawing). The value of ~It~ is proportional to the difference of the
square roots of the thermal conductivities of the frozen and thawed ground,
and also the value of the annua l heat cycles. It is known that the greater
the ice content of the rocks the more the coef f ic ien t  of therma l conductivity
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the f rozen  rock d i f f er s  from tha t of the thawed rock ( t h i s  do: eridence is
tr~ ced in Tab l e  19) . On the bas is  of that It can he concluded tha t w i t h  in-
crease of the ice (mois ture)  content  of the rocks the tempera ture  s h i f t  (other
c o n d i t i o n s  being e q u a l)  increases and , consequen t ly,  the average annua l t em-
pera ture  on the base of the layer of seasona l f r eez ing  ( t ha w in g ) decreases.
R educ t ion  of the average annua l t emperature of the  rocks leads to increase of
the depth of seasona l f r eez ing  ( reduct ion of the depth  of seasona l t h a w i n g) .
Therefore  the tota l Inf lluence of the mois tu re  content  of the rocks on the
depth of seasona l f r e e z i n g  proves to be somewhat less tha n on the depth of
seasona l thawing .  In the former case the increase of the temperature shift
during increase of the moisture content of the rocks comp ensates somewha t the
reduct ion of the depth of seasona l freez ing which occurs In connect ion with
increase of heat  exp endi tures  on phase t r a n s i t ions of water In the  rock. In
the l a t t e r  case the in f luence  of the moisture content proves to be maxima l ,
since the increase of the t emperature sh i f t  and the increase of the hea t of
phase t r a n s i t i o n s  in connection w i t h  the increase of the mo i stu re  content  of
the rocks lead to reduct ion of the depth of seasona l thawing.

C a l c u l a t i o n  of the Amount of the Temperature  S h i f t  L1t ,~ (Exa mple  9)

Calcu late ~~~ and t~ on the base of the  layer  of seasona l f r e ez i n g  of rocks
if as a r e su l t  of a fros t survey the f o l l o w i n g  da ta were ob ta ined . The area
with a surface in the layer of annua l t empera ture f1u ctuat l~~ns is composed
of a l l u v i a l loans wi th  the cha racte r i s t i c s :  I — 1100 kg/m ; w = 35%; ~ =

— 1.3 ; ~~ 
— 1.0 k c a l/ ( m ) ( h r ) ( d e gr ee); the qua~~~i t y  of u n f r oz e n  wate r  in ~the

loam as a function of the negative temperature varies according to the graph
(Figure 31). The temp~~ature regime of the surface is determined with the

0 0
va lues t 1.8 and A — 10 .

0 0

Solution. For calculation of the amount of the temperature shift we use the
following calcula ting equation :

\ ( , ~~~~~ ~ 
‘
~~~

“
~~‘T - , (5.2.1)

T

which represents a particular case of equation (4.1.18) under the condition
t • A /2.
0 0

That equation is transcendental and is solved by tr ia l and error.  For tha t
purpose some values are given for L

~~t >, ,  for  examp le , -0.5 , -1.0 and 1.50. As-
sumIng those values , all the Initia l parameters (~ and A

m
) are determined fo r

gelc~~lat ion  of the  r ight side r h f  the equa t ion  and then depicted g r ap h i c a l l y  0

are the two equations x — sIt,)~ and

~ (Q~ F I ‘,.
x —- - —--‘-

~~~~~~~~
. —-

r
where the assumed va lues for  At A ,  that Is , -0.5 , -1.0 and -.i .5~ , are plotted
on the y ax i s .  The first equation represents the bisector of the angle and
the second is a certa in curve obtained In ca lcu la t ion  of the r ight side of the
equation with substitutions corresponding to the given x. At the point of
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in te rsec t ion  of the  s t r a i ght l ines c o n d i t i o n  (5.2.1)  is accomplished , and so
the va lue of

~~
tA a t  tha t point a l so  is the  unknown va lue . T I )  so lve tha t prob-

lem we perform the following actions .

1. We determine the thermophysica l characteristics of the loam. For calcu-
l a t i o n  of C 

1 f 
and Q A it is necessary to determine the amount of unfrozen

water in th~° 
- loam. “The average win ter t empera ture in the layer of seasona l

f r e e z i n g  of the ground , at  which wu should be determined , is aseumed to be
equa l to the average win ter  tempera~ ure a t  the surface  (t o_ ~~~r

’I • The l a t t e r
can be considered approximately equa l to 1/2 t (t is the minima l

o-min o-min
temperature at the surface of the ground):

~~~~~~ 
~i~~(f~ -—--~1~) - 4 ,1° .

W i t h  the graph (Figure 31) we f ind that  W a t  t — _ 4 ,l 0 is “ 8%. Then wi th
fr’.rmulas (4.1.6) , (4.1. 8) and (4.1.k9) we determine that:

100 ‘ 0 r -~~~~~j.i~L -: 1 0 - 4-~-1 ~~aA ,’M ”~pa d;C~~M - O,18 •1 - 
“~ 100 ‘ 100

Q ~() ~ss 
- 23 7~ () 2-1 000 Kxa.: !M 1 ;

100

l w  - l. ~~~ L°(1° 
. 1 .8) 1 , 12 ,. :,u ”i,ac~~paô .

.np  20

il/4 ,C
-2

p4,
0
.

~ 
_ -t_ _j_j j

~~.i,.... ~~~ ‘ 1 2
-l -: -J - ‘  -5 -o -/  -8 - 9 ~~ ~~~~~ A Q C) I&.- /A T

I C - - 

r 
-- --

F igure 31. Graph of the dependence of Figure  32. Graph for  f inding
wun on the t emperature in the loam, the value of

2 . We f ind  A wi th  (4.1.3) and ~ with the nomogram (Figure 17) and ca lcu la t e
the r igh t  sid~~ of equat ion (5.2.1) successively for the assumed values ~~~~~~~~
ForAt ,~ — -0,5 we f ind  A under the condit ion that t is taken wi th  consider-
ation of Eit~ : 

m

t~~_ / ~~-~ .\ t ), . 1 ,8—0 ,5- 1 ,30.

j O -- 1 
~~~~~~~~~~~ — 27 ,65 - — 27 ,65 5 ,4g .

10 27 , 65 0 . 2 13
1 .3 ~-27 ,65

We find I with the nomo~~am (Figure 1~~) in accordance with the folloying ini-
tia l parameters: C 

~, 
— ~~~ kcal/(m )(degree), Q

~ — 24,000 kcal/ (m’); t —

— 1.3°; A 10°; 
VO - 

1.3 kca1/(m)(hr)(degre~). Then
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Now we Ca l c u l at e  the r i ght  side of equa t ion  (5. 2 .1) :
(l .S~ )5,4 - 431 ~ 2lU~ )) j . I IS )

- -  
5,’- ’ O 

- ‘ 1 , 1 . 1

-0 , I~~-1 O s i ,
I’ , hO

The- - C a l c u l a ti o n s  are made s i m il a r l y  for .~ t A — -1.0° and ~ t ,>, — - 1.5°. Theobta ined data  a r e  presented in Table  20 and on the graph (Figure 32).

Tab le  20 C al c u l a t i n g  d a t a  for  de termining

I

~~~~~~~ ç’,~ , 
l ~- / . o,~ —~O ,0~ 7 1 . 13

I

Key: A - Calculating data

B 7 2 3 4 ~ 7 8 9 
- - 

73 1 7 1 2

* 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ —~~-~~~~~~~~T~~~~~~~~~-~~~~~

I I

~ 

~
- ‘

~~~ ~~~~~~~~~~~~

~~~~~TI A ~~~ I~~~~—~~~~~~ I I I
—~~~~~~~ , :-~~~~~ ~~~~ 

- I ‘ I
I 4 ’ j  I ‘ .__ __ -_ i  I - -, - -

~~~
~ ~ -r~ LL ~L - - -

~ I ~~~~~~~~~~ ~ -

I I i . , 
, F~~~ 

- 
1 

- 
-

0. ’ - , 
-‘.“

‘
~ I ! . 1

~~~ 
I ‘ I I j I

I I - . I !— - -;
“ 

4- - - 

I - 
- 

U 70 ~gj 0.8— - - 

t 
‘

_ _ - l

_ 

- . — — — 1 3 t~ 0 1.20 1,0- - I -~~ ‘
-

~~ I I _ - —  .~ j -c ,,~c ~3

J~_ I A S  I ~~~j °~,1 1,3
M~;c

Figure  33. N omogram for  ~aI c ula tj o n  of L
~tA .

a - Q, kcal/m b -
b - A

1
, kcal/(M)(hr)(degree)
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I t  is ev iden t  f rom Tab l e  20 and the grap h (F Igure 32)  tha t the  sought v a l u e
of the  t emp era ture  s h i f t  is -1.0°.

Consequently the  average a n n u a l  tem~ r at u r e  on the base of t h e  layer of SC, -

sona l freezing is t~ t + t ,,~ 1.8 - 1.0 — )•5 and the depth of the sea-
sona l freezing (.

~ 
) accord ing  to the nomogram (F igu re  17)  is 1.63 m .

In connec t ion  w i t h  the comp l e x i t y  of s6 lv in g  such problems to d e t e r m i n e  the
t eno € r a t u re  s h i f t  a nomogram was obtained by computer . The input p arameters
in tha t case were selected by starting from the mo st  f r e q u e n t l y  encountered
cases.  A nomogram for  det e r m i n a t i o n  of z~t % is presented on F i gur e  33.

3. The I n f l u e n c e  of the Snow Cover on the Tempera ture  Regime and the  Dep th
of the  Seasona l F r e e z i n g  and Thawing of Rocks

A snow cover leads to a change of the hea t exchange on the  s u r f a c e  of the
ground . And in tha t sense i t s  importance is va r i ed . A wh i t e  snow cover in-
creases the albedo of the earth ’s surface. That leads to decrease of the ab-
sorption of rddiant energy and a decrease of the average annua l temperatures
of the rocks.

At the same time the snow cover , which has low therma l conduct Ivity, as a heat
insulator protects the rocks against hea t losses in the winter and at the same
time as It were warms the rocks and leads to an elevation of their average
annual temperatures in comp arison wi th

In the case when snow is reta ined on the sur face  of the ground a f t e r  the onset
of pos i t ive  a i r  t emperatures , delays are no ted in the thawing of the  rocks.
The melting snow mainta ins a zero temperature on the surface of the rocks for
a certa in t u e  in sp ite of the fac t  t ha t  the a i r  t emperature is positive. Th is
leads to some cool ing  of the rocks and a reduction of the i r  average annua l  tem-
peratures .

During the f or m a t i o n  of perennia l f i r n  basins and g lac ie rs  the tempera ture  of
the unde r ly ing  rocks var ies  ( in  comparison w i t h  the temperature of the rocks
~n sections f ree  of f i r n  ba s ins  ar ’d g l a c i e r s)  both in connect ion wi th  both the
change of hea t exchange on the  su r face  on account  of change of the albedo and
w i t h  the  geotherma l gradient  e s t a b l i s h e d  In the  cover . In tha t case an increase
of temp erature  wi th  depth w i l l  be noted in the under ly ing rocks.  The d i f f e r -
ence in temperatures on the s u r f a ce  of a g lac ier  and in the unde r ly ing  rocks
will be greater the greater the thickness of the glacier .

All this varied In f luence  of the snow cover on the  temperature reg ime of the
underlying rocks is dep icted on Figure 34, where it Is evident tha t with
change of the thickness of the snow cover its influence changes to the opposite
severa l t imes . Up to a th ickness  of the  snow equa l to Il

l 
a cool ing influence

on account of increase of albedo is noted.  Then , In the range of thicknesses
of h to h 2 ,  the wa rming e f fec t  of snow as a heat Insu la to r  dominates, At
thicknesses of h

2 
to h

3 
the cool ing  Inf luence of snow gra d u a l l y  increases on
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A - Warming  e f f e c t ;  B - C o o l i n g
e f f ec t

account of delay of its disappearance in the  sualner . At a th ickness  of
that  cooling inf luence is equa l to the warming in f luence  of the snow as a heat
in su l a to r , At a thickness of from h 3 to h 4 the coo l ing  e f f ec t  of snow exceeds
the warming e f fec t .  Dur ing the format ion of permanent f i r n  bas ins  and g lac ie r s
s imu ltan eously  with their cooling influence on account of change of the albedo
of the surface a warming inf luence on the underiying rocks is noted which grad-
ually increases with increase of their thickness. Here we have a clear ex-
ample of manifestation of the dia lectica l law of transition of quantity into
quality.

Thus , in the examina t ion  of r e gu l a r i t i e s  in the formation of the temperature
regime of rocks, besides qualitative evaluation it is necessary to determine
the q u a n t i t at ive connections of those regularities. The latter In turn serve
for a better understanding of the qualitative connection , that is , examination
of the essence of the ques t ion .

1. The Warming In f luence  of the Snow Cover W i t h  Cons ide ra t ion  of Hea t C ycles
in the Unde r ly ing  Rocks

The warming in f luence  of the snow cover , which leads to increase of the annua l
average t emperatures of the rocks , can be q u a n t i t a t i v e l y  e s t i m a t e d  by means of
the hea t cycles passing from the ground through the snow covers I n t o  the a tmo-
sphere in the winter. It is obvious that  those heat cycles w i l l  be equal  to
the heat cycles of the soil passing through the surface of the ground in the
same period. Those heat cycles are determined with formu la (5.3.1) if they
relate to the period of t ime from the moment of onset of negat ive temp eratures
on the surface of the around until inversion of the sign of the heat cycles,
that is , the moment when hea t emission by the ground ceases and Its warming
starts:

Qrp -
~ 

~ ~ 
(A~~- -- (1)C ~

- Q~] ~ - i ~1v~- • ~~ 
- (5. 3 . 1)

where n/ 2  (A - t
1

) C~ are the heat cycles of the layer of seasona l f r e e z i n g ,
connected wi’#h the heat capacity of the rocks a t  nega t ive temperatures;

165



Q,~ 
are the heat cycles on account of phase transitions of wa te r  In the layer

of seasona l f r e e z i n g  0 
~ 
7 ~. /~ - 

~~~~‘ a re  the  hea t cyc le s  pro-
-
‘ 

— 
~ :1

ceeding in thawed rocks u n d e r l y ing the  layer of seasona l f r e e z i n g  dur ing the
time of existence of nega t ive temperatures on their surface.

The coefficient n is de te rmined  from the followiag equation :

V 2  
~~~~~~~~~~~~~~~~ V ‘

~~~~~~~~~~~

-

~~

( O~ (~~~ I — —
- “ - .

- - - 
— 

- ( - ~~ , (. 
~‘-~-: 

I

I 
~
Q,, 1 (24 1 C (3.)

If  we solve tha t e q u a t i o n  wi th  respect to n and s u b s t i t u t e  it in (5. 3.1) we
ob ta in  an expression for de t e rmina t i on  of the hea t cycles p a s s ing  through the
surface  of the  rocks dur ing the t ime of exis tence of nega t ive t empera tures on
the surface  of the ground before inversion of the s ign of Qgr in the f o l l o w i n g
form: 1. 

-

~ (i- - ~~~~~~~~ ~,/ _ ~~~~~~ -~

(Y 4 ( .~~ Q~~ )Q~ . 1 (, - - 

-

2.’1~~~. C~~ ?C I- Q4 ~ ~~~~~~~ ç (I~~ 

-

+ - -~- Q~~ (i 
-~~~ 

t
L)  (~ .32)

In that equation the va lues of A , !2 and are f u n c t i o n s  of the average an-
nua l tempera ture of the rocks (em). C

Therefore the heat cy~ 1es in the  layer

~ a l so  are func t ion s of t1 a t  the given va lues of A , ), C, T and 
~~L •  The

number of hea t cycles pass ing through the snow cover°is determined ~~~~~~~~~~~
in the f o l l o w i ng manner :

Q ~~~~ 
~~~~ o 

~~~, ( 5 3

where X is the therma l conductivi ty of the snow , to is the temperature on
the sur~~~ce of the rocks , t is the t empera ture on the surface of the snow
cover , z is the th ickness 5of the snow cover , V

1 is the t ime , counted f rom
the onserof negative temperatures on the surface of the rocks, and T.) is the
t ime corresp onding to the inversion of sign of the heat  cycles on the~ surface
of the rocks.

If we use the average va lues of the nega t ive  temp eratures on the surface  of
the snow cover (t and on the su r face  of the  rocks t 0 , £nd elso the
mea n va lues of th~~~~ ’~~ thickness of the snow cover z ~~ t1(0,5 z ) ,sn max
during the time seWnent under consideration expression (5.3.3) can be re-written
in the-following form:
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(S  ~ )

If  we know the  course of v a r i a t io n  of temperatures  of the  a i r  and snow cover
d u r i n g  the  w i n t e r  we can determine  ~ and z in accordance w i t h  the da ta
of f a c tua l b~-.e rv t Io n s.  In the abs~~~c~ of thos~~~data t can be assumed
t o  be ~~~; r ox in’i~i t e l y  t w o - t h i r d s  of the m i n i m a l average mo~ PhY~’tempera ture  of
the a i r  or s u r f a c e  of the snow du r ing  the w i n t e r  w i t h  cons ide rat  ion of a radi-
a t i o n  co r rec t ion.  The va lue  of z can be assumed to be o n e - h a l f  of the  t h i c k -
ness of the snow cover corresp ond ~~ig to the  moment of t ime of iuverslon  of the
s ign  ‘f the  hea t cycles on the su r f ace  of the  rocks , However , the  l a t t e r  can
be de te rmined  by l i n e a r  i n t e r p o l a t i o n  on the  bas is  of the  da ta of m a x i m a l  thick-
ness of the snow cover dur ing the w i n t er  for  the given geographic p o i nt .

I t  f o l l o w s  f rom the essence of the thermophys lca l process tha t  the heat  cycles
Q and 7~ must  be equa l .  If we equa t e  (5 .3.2)  a nd (5 .3.4) we f i n a l l y  obta in
t~ S follo~~ ng equa tions :

~~~(i- - - - )~~~‘2 1 ,~~~~
. ~.i:

I /
I’ 2 

I -

~~ - Q -
~~~ . I1 , C

I I t. f - , ,

- Q~~~~~~~( I  -_ 1i_) ;‘.~~~,
- 

~~~~~~~~~~~~
- -°

~~
--

~~
“ - (r— t 1). (5 ~~- -“

When tha t equat ion  Is used the values  of A , A , ~ and t should be re-o • m 2c o-wt r
r resented as a function of t~ in the f o l l o w i n g  f o r m :

- /10 ~,, ‘ k (  - 
(~~~• 3 

r,

.1 - 
~~~~~~ ~ I’~ 

- 

(,‘ ,~. -; (— 37)
(3,.,

I -

I a — -  - --

I -

- / ~.TC

~~ (r~3S~)
f C)4,

E li ~~~~ — —
~~— (1r~ic — - 

(5,3.9)

When those expressions are substituted in (5.3,5) the latter w i l l  assum e the
form of a functiona l dependence on t~ , which is the sought value .  The equa-
t ion is transcendenta l and complex and is not solved with respect t t • A
solution is readily found graphically .
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When the th ickness  of the sn ow cover is large ~~ 0. 5 in) and the therma l con-
duc t iv i ty  of the snow is low , formula (5.3.2) g ivl o overstated va lues of .-~ t
In those cases it is advisable to use for calculation of Lit , ins tead of sn

- )  sn
(5.3.~~), the f o l l owing f ormul a :

I _i i . i (  - -  ~ 
-

1 / - - — ‘l~ ~
1 cH~ 

I (3.
F a 

~~~~~~~~~~ - 

- -

~~~~
- 

~~~~~ -

V 
-

~~~~~ 

- 

~~~~~~

‘

~~
-

-4 IJi 2C~~~

~~± / .~~~~~~~~ \~~~ (l I VL~L~~ .
4 ~

‘cs 
- - ~~— —- 5)1-1 -

\ 2 A s

The de r iva t ion  of tha t fo rmu la  and nomograrns for  c a l c u l a t i o n  of t st  wi th  it
w i l l  be publ i shed  in “Merslotnyye i ss ledovani ya ,” No 16 (1976) .  W~~ w l l l  o n l y
note tha t the change of hei ght of the  snow cover is assumed to be according
to a parabol ic  law. In a d d i t i o n , the cool ing  in f luence  of the snow in spr ing
is neglected.

Ca lcu la t ion  of the Warm in g I n f l u e n c e  of the Snow W i t h  C o n s i d e r a t i o n  of Heat
Cycles Passing Through the Surface of the Soil and Snow (Example 10)

C a l c u l a t e  the warming influence of the 5now cover on the temperature reg ime
of the surface of rocks* represented on the inves t iga ted  section by

3sand y
b arns character ized by the fo l l owing  data : w — 22% , 

~ k 
1320 kg/rn , and w

in t h e  layer  of sea sona l thawing is 4,4% on the average , The average annu a~~
a i r  tempera ture is _ l 0 , 50 and A is 22° (on the basis of average monthly va l-
ues). The thickness of the sngw cover on the section at the moment of the
spring inversion of sIgn of the heat cycles (at the end of March or start of
April) is 0.2 m• Its average density is 0.29 gfcc. The time T starting
from the moment of stable transition of temperature on the surface of the soil
thr ough 00 (it is assumed that it coinc ides with the moment f establishment
of the snow) to the moaent of the spring inversion of sign — f the h~~ t cycle
through the snow is 4750 hours.

S o l u t i o n  1. We examine Q and Q at ~,t — 20, Then t — t — t + tgr sn sn o a
-10.5 + 2 .0 -8.5°; A A - i.It — 22 - 2 — 20°, If we a - ,-~ux1Ie tha t

t
0 wtr 

— 2/3 tO min (t~ _rnin is the minima l temperature on the s u r f a c e  of the

soil under snow), that is, t — 2/3 (t - A ) , we f i n d  tha t t — 2/ 30-mm o o O-wtr
(-8.5 - 20) — -19°. For the ca lcu la t ion  of A we determine C w i t h  (4 .1. 7)

m vol- t

*ln calculations of A and ~ , Q and Q , t — t and is taken on the basis
m 2c gr sri o J

of the absolute value, without considering the sign.
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and Q~ w i t h  (4.1.8): C
1~~~~~ 

550 k c a l/ ( m
3

) (degree ) and Q~ = 18,600 kcal/m.

On the  b a s is  of meteorolog ica l da ta we ca lcula te  the average monthty  t empera-
ture  on the su r f ace  of the snow t _ 2 10, For calcu lation of Q we
f i n d  sn-wt r gr

-1 t .  Q 20 - 8 IA - - ~~~~~~~~~~~~~~~~~~~ ____  - - - --— - ~~~ — - - --  — ~~, i) 1 1 ’ ,cp 2C 20 1 11 ,9

~~~~ 
-
~
7-- b. 5 I ~~~In
Q4,

~

- 250 - 1
2(3~ - - t~’~ 2 (20 — 

~~~ 3 14
— ----— ------- -------

‘ ‘ 
~~0,84 M.

2A cp C -r- Q4, 2 1 4 550 ~ 16600

We f i n d  the depth of the seasona l thawing f wi th  nomo~ rams (Figures 15 and 17)
a t the f oll owing ini t ial da ta :  C

vo1 t ~ 
550 kcal/(m~ )(degree); Q~ = 18,600

~cal/m
3
; ~ — 1.0 kcal/(m)(degree)(hr); t — t — -8.5°; A — 200

; .~ = 1.25
m, Then on the bas is  of the lef t  side o~ equa t ion  (5,3,5c3 we f i n d : nom

A .~ c 2. iJM Z
1
OOO ~~~~

a

a

b o.c ~~~~~~~~ . ~~~~ i~ 2CO
.1~. ‘i~~~’ 

b

Figure 35. Graph of the dependence of Figure 36. Graph for deter-
the therma l conductivi ty of snow on its mination of ~t 

~~
‘

density according to the fori~~las o f :  S 
2

1) Kondra t ’yQv , .\ — 0,0085 p
L
; 2) Abel’~~, 

a - Est , C; b - Q, kcal/m

0.0068~~~ 3 - Brakht, ~ — 0.0049 p’.
a - >. , kcal/(m)(degree)(hr); b - ~, g/cc
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N ow we will find at £~t = 2.0
0
. To do that it is necessary to know

the  c o e f f i c i e n t  of therma l conductivity of the snow, We w i l l  us e the f ol l owing
em~;i r ica 1 f o r m u l a  of A b e l ’ s which g ives the dependence between the  d e n s i t y  and
therma l conductivity of snow (Figure 35):

— -2.4 x ~,2 
(kcal/m x degree x h r )  where ç~ is the mean win ter densi ty of

snow , g/cc. In our case ‘~‘ n 
2.4 x (0.29) — 0.2 kcal/(rn)(degree) (hr). On

the basis of the right side of equation (5.3.5) we calculate

~ 
D 1~ - 

21 ) )

2. S imi l ar l y  we c a l c u l a t e  and 
~ sn 

a t  t 4
0
, Then : t~ = -10.5 + 4 =

-6.5°; A — 22 — 4 — 18°; t = -16.3°:
0 0-wtr

-1 ~~ - l o 0  I 1 , 7~1’l I

5 — - I s O

2 ( I~ — G .5) ‘ ~~~~~~ 
~

-
. 

~~ 
f .

~ 23 . - ; .55 ) l~ 600 31 - - U

nom 
— 1.4 m (at C 

~~~~~
SSO kcal/(m

3
)(degree); ~ 18,600 kca l/m 2

; ,~ — 1

kcal/(m )(hr)(degree); A — 18°; t5 
— -6.5°.

Q~, 0,7-0 , 45 .18 1 Y - ’i

rJ3 1 5~ -’) 0q ,_ ~i’i o- 0 I .4 i  It -~ I I ) 2 , Y~~ 0 .2~ 
-

- 23 ‘1 
- 

550 0 9  ~ 00 1 1 - 2 , 2- ’ )2 4 - 
r , i ,0 I . -

- 
t~~f 1 . 1 .1~ l ,55 , l ) ~ 3 - .~~~~~

L) ~O) 1~~I 51 ~~ (:7;~~t ,

(I ‘I If i  .3) ,~ 
~~~~~~ 

• 
~~~~ I -  11.

0,1

3. To find the true va lue of ~t as has a l r eady  been said , a graph is con-
structed on the axis of ordinate~ of which  the values  of L~it are plotted, and
on the ax i s  of abscissas , 

~gr 
and ~~~~~~ 21). Those Sri

data proved t ii be
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quite sufficient for determination of the point of intersection and , as is
evident from Figure 36, -~~ Q at ‘-st = 2.)l

hi
. Consequently, on an in-

gr sO Sn
vestigated ~;t-ctio n a snow cover with a he i g h t  of O.2 m  Increases t h~ average
annua l temilerature of the surface of the soil by 2.8 above the average annua l
a ir t e i t I  er,i t ore

T a b l e  21 Ca lculating da ta for determIna t ion of ~,tsn

~ : ç 
~ ‘.I ~

‘ - -~ ~~., - - ,- - 0
-- a -  t , C

22 . 1) 2~~ ’~0 10. ) b — Q , k c a l/ m
-
~ .0 30 -l; - i; .;i j.. ;  gr 

2
c - , kcalfm

- 
Sn

C a l c u l a t i o n  of the Warming Influence of the Snow Cover with the Abbreviated
Formula of V . A. Kudryavtsev (Example 11)

Under  f i e l d  c o n d i t i o n s  the abbreviated formula of V . A. Kudryavtsev (1954),
der ived on the basIs of statistica l processing of factua l data , can be used
f or appr oximat e calc~~1at I ofl~ of the therma l influence of the snow. The fo rmula
has the form

~~~~ 
\ - 1 ~ , -

~~~~~~
‘ (I ~~~ A T

), ) 5 3

where ~ A n is the decrease In amp litude of the annua l temperature fluctuations
(p hys ica’ v a l u e )  under snow; °C ; z is the  h e i g h t  of t~ e 5 I I ’W cover , m; K Is
t t  coefficient of therma l conduct iv i ty  of the snow , m /hr ; T is the period ,
equa l to  one year , hours;  A Is the meteorolog ica l amp litude of the annua l air
temperature fluc tuations , 

a~~

For convenience of ca lcu la t ions  w i t h  the i n d i c a t e d  f o r m u l a  of V . A. Kudryavtsev
(1954) a table of changes of the value of -~

( I  - -e 
•

has been comp i led , w r i t t e n  in the  form of (1 - l/’f) as a function of different
height  and dens i ty  of the snow. Tha t method Is w i d e l y  used in the practice of
various frost invest igations as a qu ick  method . For example , It is necessary
to determine the warming inf luence of snow cover with a height of 0.5 in and a
density of 0.19 g/cc~ which it exerts on the temperature of the surface of the
soil in a region with the following climatic conditions : t , — -10.6° and A —

— 21.7
0
. 

a

In Tab le  22 we f in d  tha t  for  snow cover w i t h  a height  of 0.5 m and a d e n s i t y
of 0.19 g/cc the coefficient (1 — i/-f) is equa l to 0.274. Consequently,

\ I, -r A 1 2 1 ,7 - 0 . 2i I

171



,~~, 4a. - - - —=n., - ., -

Table 22 Value of (I - l/~- ) as a function ~f the t h i c k n e s s , d e n s i t y  and
c o e f f l c i e n ~ of therma l c o n d u c t i v i t y  of the- snow cover (according
to ~~, A. Kudryavtsev , 1954)

— - ‘ s - - . n. ):) c - ’ - *  - o - n  posa ii
1’’,’ - - 1

- - ——.— — — — - -—-—— —— -— 
- - I- --

0 , 1 (- .1’ I./ 0.1 0.,  1 , ’ , .,,~ ‘~ 
I 

I r)

1 , 0 75 0 00) U.e - I
~~~
0, 1 l  0 ,27) 0,32)~~I).~~-~~- 0 , -I~- t 11 , 5(J ) U ,SS I 03’ ’ 0 - 2

I I I , )  U3~~I5 O , 0’1 U .155 I5if/ - I 1) 755 0 f l - ,~~ o ,:I Ij ( 1 1 ) 7  0, -l I  0 ,3 f 2  (1 ,5.2

~ I I 0 ~ I ( I I  1 III I) 1 ’ 0 ) ,~ ~ I) I) i u 1 ) 0

0 . 1 1) 0 (11)33 )) r . ~ I 0 .1? - )  0 , 175 5 , / I )  1 7 1 1  (3 . 134 ( , 1’ .r 0, -1 , . l), .) I3 U , 4 )

U (~) 1 U o ~ 0 I I )  1) II I () ) )
~~~

() I I )  I I I )

U U~ I (I ))) ~I) 10 0 (
I )) ) 1) I) I) I I u U 1

- 
- - (4~ ~ r II I)  I r S )  1) 11 5 0 , 14 . 1 0 )~~ 0 ,~~2 . U .2’r7 I J, .113) u s  i~ Q ,.,;) - 5 - , :

0 ,35 )  ) ( r - f l 3  u , u I5 I l ) ,l). r .) , ) . 1:II, (I j , ,5 l) , ? j h ) I ) ,O S I  0 , 1~ ’ , (J .~~
2 )  ) 5 . -~’~~ 

( j . S-

( I I  I I) I) ) ~ I 0 I I) I) I I I) II I )) I) II 0 III I I

O . - lI. U. (JI0~ 02J H
1
(.I ,0’) U III I 0 , 1 ’ )  0 1 7 1 0 .213 0,2.3 0 . 2 - ’ .- ~), i/

Key: a - D e n s i t y  of the snow cover e~ 
g/cc b - Coefficient of therma l con-

ductivity of snow K, m2/hr

From which we find that under the snow

~~ ~ I,,, - ~~~ -

,

~1~ - I~ 2 1 , 0 5, 0 I - 1 .0 .

For comparison we will calculate L~t witri the dat,-. ot example 10 , in which
the warm ing i n f l u e n c e  of the snow c8ver was calculated with cons iderot ills of
the  hea t cycles of th e- under ly ing rocks : t = _lO .5

0; Aa = 44 ° ; z = 0.2 m;

p — 0.29 g/cc.  W i t h  Table  22 we find that (1 - l/~~) = 0.1. Consequently ,
= ~~A = 22 x 0.1 — 2.2°, and according to formu la (5 .3,5) , \t  2.8°.Sn ~n Sn

The difference of 0.6° is explained by the influence of heat cycling in the
layer of seasona l t h aw i n g ,  which Is not considered in t h e -  a b b r e v i a t e d  formu la ,
Becau9e of this it Is advisable to use the complete formula , which makes it
p oss ib l e  to take  heat cycling In rocks into consideration.

Besides  a pu re ly  q u a n t i t a t i v e  e s t i ma t e  of the warming Influence of the snow
cover , equation (5.3.5) makes It possible to trace also genera l regularities
in the formatior, of the t emp era tu re  regime of rocks under  a snow cover.

The ma in r e g u l a r i t y  Is tha t the warming i n f l u e n c e  of the snow cover depends on
the heat cycles of the soil for the given region. The greater the heat cycling
of the soi l , then , other  c o n d i t i o n s  be ing  equa l , the greater  the warming in flu -
ence of the snow , and the reverse. Consequently , all the factors and conditions
wh ich de te rmine  the heat  cycles of rocks or exert a given influence on them
a l so  determine  the  amount of the warming  i n f l u e n c e  of the snow cover. Hence
the warming inf luence of an ident ica l snow cover (in thickness , density ,  thermo-
phys ica l and other characteristics) on different sect ions within a single region
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w i l l  be dit fer e-ut, depeniing on the composit ion and moisture content of the
rocks. It w i l l  be- 5maller on dry grounds and greater on water-saturated ground;.

The annu l h e a t  cyc les  can , on account  of phase transitions in rocks , vary by
1.5-2 t imes in a given region . Consequently, the warming influence of the snow
cover can also vary by 1.5-2 times on account  of that, It Is interesting tha t
u i h - r  t he  conditions of  , shari ly  c o n t in e n t a l  c l i m a t e  the hea t cycles  in rocks
are always larger than under the conditions of a maritime climate , and there-
fore the wa rming  effect of the snow cover also must be greater in the former
cast .

The warming i n f l u e n c e  of the snow cover is different for the seasoaa l freezIng
and seasona l thawing of rocks.

All other conditions being equa l , the heat cycles of r Icks in the case of sea-
sona l thawing wil l, be larger ttiafl dur ing seasona l freezing. This is ex~ la thed
by the fact tha t in frozen rocks underlying a seasonally thawed layer , during
annua l temperature fluctuation s, besides heat cycles connected with heat capa-
city there will also be heat cycles exl.ended on the 1-base transitions of water
in frozen rocks. In the ca7e of a seasonally frozen layer there will be no
such hea t cycles. By virtue of tha t , when there is a seasonally thawed lay-3 r
the warming influence of snow , all other conditions being equa l , w ill be- greater
than when there Is a seasonally fr- zeii one.

As is known (Kudryavtsev , 1965), the heat cycles of rocks are maxima l in the
southern boundary of t~ e propagation of permafrost, tha t is, at average annua l
rock teirr1.e’r ,tures of 0 • With change of the l a t t e r  in the dir e - cti r-o of their
Increase and decrease (south and north of the southern boundary) the hea t cy-
cles decrease a l l  the more , the more the average annual rock temperatures dif-
fer from 00. In accordance with tha t , the warm ing influence of the snow cover
will also be ma’dana l on the southern boundary of the region -f ropagation of
permafr zes rocks and will decrease toward the south and north of that boun-
dary. Manifested in that is l a t i t u d i n a l zona t ion  of the  warming influence of
the snow cover , connected with the fo r mat i o n  of the tempera ture  reg ime of th e
rocks.

A similar regularity I- . also noted in relation to height zonation. The maxima l
wo rming influence of the snow cover d i m i n i s h e s  where the  average annua l roc k
temperatures  are 00. At higher and lower levels that influence w.I’U decrease
a l l  the more , the more the average annua l rock tem~ eratures differ from 0

0
.

I t  should be mentioned that the indicated manifestation of latitudina l and
heigh t z o n a t l o n  in the phenomenon under consideration is valid only for moist
rocI~ - igt - wt,icb, d u r i n g  f r e e z I n g ,  of c o n s i d e rab l e  inrI .ort ance in hea t cyc le s  is
the j ort ion of them completed on account  of 1-b ase transItions ‘f water  In
freezing rock’,.

In dry rocks (for example, hard rocks) that regularity will not occu r. In that
case the number of heat cycles of the rocks and , consequently, the warming in-
fluence of the snow will be d e U rm i n e d  by the annua l aml .lltucl e of tempera tu r~ s
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on the surface of the soil and will not depend on the average annual tempera-
tures. The amplitudes do not have latitudina l zonation and depend in each con-
crete case on the distance of the studied region from the sea.

The amp litude can decrease with height as a result of temperature Inversion ,
change of the atmospheric humidity and the arriva l of solar radiation . The
influence of the snow cover , eviden t ly , also will vary as a function of that.

Besides genera l r e g u l a r i t i e s  of l a t i t u d i n a l and he igh t  zona t ions  it is necessary
to also note a number of particular regularities , such as, for example, the
d i f f e r e n c e  in the warming influence of the snow cover on slopes with different
ex: osure and steepnes s, for sections with different plant cover , as a function
of the character of the manifestation of winter temperature inversion , etc.
In all those cases the warming influ ence of the snow cover will be greater the
greater the heat cycles of the rocks , and the reverse.

As a result of everything explained above it follows that the warming inf lue”~ce
of the snow cover not r~5 1 ’ .’ is determined by the character of tha t cover but also
to no small degree depends on the entire comp lex of the natural situation , start-
ing from the composition of the freezing rocks and their moisture content and
ending  wi th the p lan t cover and the character of the terra in.

2. The Cooling Influence of the Snow Cover

For a complete characterization of the influence of the snow cover on the for-
mation of the temperature regime of rocks it is necessary to dwell once more on
the ccoling Influence If tha t cover when the disappearance of snow is completed
after the onsôt of positive temperatures on the surface of the soil, Dur ing
the time the snow is lying a f t e r  the onset of pos i t ive  a i r  t empera tures  the
temperature on the surface of the rocks will be 0

0 
and will become positive

only after the snow has disappeared.

When the snow Is r e t a ined  to the second h a l f  of the sununer or to the  autu mn
the ma x ima l tempera ture on the surface of the soil will be corresponding’y
lower and the amplitude of temperatures on the surface will be reduced in com-
parison with ordinary conditions. In tha t case, when the snow Is reta i n ed ,
but disappears before  the onset of ma x ima l a i r  temperatures  ( m i d - J u l y ) ,  the
maximal values of temperatures on the surface of the ground will not differ
from those on sections where the snow disappeared without delay . Delay of the
disappearance of the snow In that  case does not affect the amplitude of tem-
peratures on the sur face  of the ground (Figure 37). Consequently, the tempera-
ture fluctuations in rocks (at positive values ) will be comp leted just as if
tha t period on the surface of the rocks were equa l to

~ 1
T . 

~ 1T~~ (5 .3.1 1

where ~t Is the c u r t a i l e d  period of temperature fluctuations , connected with
delay of disappearance of the snow , T + is the length of existence of positive
a i r  t emperatures , T _ is the length  of del ay of d isapp earance  of the snow from
the surface of the soil and T Is a period equa l to one year.

1 74



-——

In tha t case the depth of the  seasona l thawing  w i l l  be determined w i t h  formula
(4.1.4) but w i t h  subs t i t u t i on  of the value o f t  from equat ion (5.3.11). It
is obvious that will be somewha t smaller than ~ a t  T equa l to one year. The
ratio of those de~.ths will be directly proportiona l to the square root of the

~eriods - 
- -

-
. I I - -

That dependence follows from the main formula (4.1.4) , but the obtained decreased
de-1-th of thawing (~~) must  be r e l a t ed  to the tota l per iod of f l u c t u a t i o ns  (T)
in order tx obtain the average annua l temperature of toe rocks with consider-
ation of the c o o l i n g  e f f ec t  of the snow cover. Tha t temp erature  can be obta ined
from the same equa t i on  (4.1.4) , where it will be the unknown value , and must
be substituted in place of • The value of 

~2c must be obtained w i t h  consid-
er at i o n  of the  changed average annua l temp erature. The c o o l i n g  i n f luence  of
the sn ow cover can be thus obta ined in r e l a t i o n  to both the change of the aver-
age annua l tempera tures of the  rocks and the change of the dcl ths of their thaw-
I

A sImil ar situation is noted also fo- the seasona l freezing of rocks, bu t in
that case the ratio J~ / I/F wi-libe a considerably smaller value and therefore
the change of the depths of the seasona l freezing and ~ha average annua l tern-

1.- erature of the rocks will also be considerably smaller than during seasona l
thawing (all other conditions being equal).

3. Analysis of the Influence of the Snow Cover in Different Freezing Tempera-
ture Zones

Thus , in determining the influence of the snow cover c.~~ the seasona l f r eez ing
and seasona l thawing it is necessary to take into account all aspects of that
phenomenon : change of the albedo of the surface , the warming influence on ac-
count of the heat insulating effect in the winter period and the cooling Inf lu-
ence on account of delay of the disappearance of snow in the spring and suimner.
In the middle latitudes the summary Influence of the snow cover usually remains
warming.

Qualitatively the Influence of the snow cover on the depth of the seasona l
f r e e z i n g  and seasona l thawing  can be de te rmined  by mewis of the following sche-
m a t i c  d iagram (Figure  3~~) ,  consisting of a d i a g r a m  of the dependence of the
depths of the seasona l freez ing and thawing on the average annua l temperature
of the rocks (t

X
) and the amplitude of temperatures (A

0
) on the surface.

The warming influence of the snow cover , which changes the depths of the season-
al freezing and thawing , is determ ined wit” tha t diagram In the following manner.

Examining firs t the seasona l freezing (the left side of Figure 38), we will as-
sume that in the presence of a snow cover on the surface the average annua l
rock temperature was t1 and the temperature amplitude on the surface was A ..,,
and then the depth of ~he seasona l fteezing In that case is determined by ‘the
pos iti-si of the point m

1. 
Remova l of the snow cover leads to two consequences:
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Fiq. 37 Diagram of yearly temperature fluctuations in
deposits under normal ‘onditions (solid line)
and under conditions of delayed snow—covering
removal (dotted line)

(
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fi rstly, the average annua l temperature is reduced from t
1 

to t2 
and , secondly,

the amplitude on the surface increases from A
2 

to A
3
.

FIgure  38. Schematic  d ia g ra m  of the
______ ~? ~~~~~~~~~~~~~~ 

~~ A 
In f luence  of the snow cover on the

freezing :nd th:w-

/7~,, 
‘ annua l r c k  temperature in the pre-

sence of snow cover; t ) -- the same
dur ing the remova l of the snow cover ;
A
1 
< A

2 
< A

3 
--  the amj litude s of the

average m o n t h l y  tempera tures  on the
surface of the rock.

As is evident  on F igure  38, reduct ion of the average annua l temperature to th .
value of t

2 
increases the depth of seasona l freezing to a value marked by the

point m7, that is , g ive a positive increment of tha t depth (+A ~~~). If we ex-
amine ttie influence of Increase of the amplit’ude of temperatures during remova l
of the snow cover f r om the value  A 7 to the value A ,~, it is evident that it in-
creases the depth of freezing to tt~e value marked ~y the point in3, that is , also
lea ds to a posi t ive incremen t (+A ~f2) of tha t depth.

Thus when the snow cover in the region of seasona l f reez ing is removed the depth
of the latter lncreases both on account of lowering of the average annua l tem-
perature and on account of increase of the amp litude . Those influences are
added and as a result a sharp increase of the depth of seasona l freezing is
obta ined when the snow cover is removed (f~’ 

1 
+ t~~). This can be shown on the

example of ca lcula tion of the depth of the seasona’l freezing.

C a l c u l a t i o n  of the I n f l u e n c e  of the Snow Cover on the  Depth of Seasona l Freez-
trig of the Ground (Exa mp le 12)

Calculate how varies at a construction s i te  where the snow cover is regu-
larly scraped off in the winter as compared with under natura l conditions ,
if the f o l l o w i n g  data were obtained dur ing a f ros t  survey.  The ground con-
di t ions are

3
charac te r ized  by the prop aga t ion  of sandy loam rocks w i t h  =— 1300 kg/m ; w — 18%, >.~ — — 1.3 kcal/(M )(degrce)(hr), and there iss prac-

tically no unfrozen water at a tempera ture of ~~~~~~~ The
0
cliina tic conditions

are characterized by the following data : t 3° A 19 z 0.5 in; ~a ‘ a ‘ sn
— 0.19 g/cc.

SolutIon. 1. We determine the tempera ture regime on the surface of the soil
under snow under natural conditions (there is no Plant cover and we neglect
the  radiation correction). To calculat e the warming influence of the snow we
use abbrevia ted formula (5,3.10) and Table 21:

\ ,-l~ 
I - 0 27 1 5 , 2”,

10 ç \ t~~11 - :) , 2 ~~~
..l~ .1 , .\ A~ 1-i 5 .2 -

1 76



2. We de termine  Cvol f od Q~~ 
of the ground w i t h  (4.1.6) and (4 .1. 8):

C -  - 0 1,~. l : - ~o •O ,5~ 
t O  

~~
U)

Rh - 
lh 1 - , )  

i -~ 720 ti~~ z ,

3. On the basis  of the o b t a i n u - d  da ta t , A , C , i~ and >‘, with the nomo-
gram (F igure 17) we f i n d  the va lue  of ~~~~0~~:° 

vo l - f  ?~

~~~~~~ 
- O ,~~7 .u,~~ 1 . 13 0.~~7 - ~~’ l ..~~ ”--H ,O U

4. When the snow cover is removed the tempera ture  regime on the  svr f a c e  of the
so i l  changes in comp arison wi th  the na tura l c o n d i t i o n s.  I f  we neglec t  the
r a d i a t i o n  correct ion , then t w i l l  be equa l to t , that is , 3 , and A will be
equa l to A , tha t is , 19°. °In the problem the ga lculation of the te~rperature
reg ime of a

fhC surface of the soil and the ground is simp l i f ied , since the main
goa l of the prob l em Is to show the inf luence of the snow cover. Therefore the
depth of the seasona l f r eez ing  of the ground i~ the given case is fou~ d a t  the
foll owing Initia l parameters: t

o 
= 3 ; A 19 ; Cvo l f  364 kcal/(m )(degree);

18,720 kcal/m 3; A 1.3 kcal/(m)(hr)(dogree). We obtain: 
~ 

1.95 m;

1.95 x 1.14 = 2.2 m~

Thus the remova l of a snow cover with a height of 0.5 in and a density of 0.19
g/cc under the ind icated cond i t i ons  leads to increase of the depth of seasona l
freezing of the ground by more than 100%.

The situation is different in the region of seasona l thawing (the right side
of Figure 38).

Let in the presence of a snow cover the annua l average rock tempera ture  be
the t emp era tu re  ampl i t ude  A

2 
and the depth of seasona l t h a w i n g  be de te rmined

respect ively by the point  m 1. 
Then when the  snow cover is removed tt i a  annua l

average temp era ture  w i l l  be reduced to the va lue  t 2 , and t h i s  w i l l  lead to ci

reduct ion of the depth of seasona l t hawing  
~~~~~~ 

At the same t ime the am-
pli tude of temperature changes on the surface Increases from the value of A

2
to the va lue of A3, and this increases the depth of seasona l thawing by the
value

Thus in the ca~,e of seasona l thawing  the i n f l u e n c e s  of changes of the average
a n n u a l  rock t emperature and the ten~iera ture  a m p l i t u d e  on the s u r f a c e  a t  the
depth ~ when the snow cover is removed compensate one another and  as a resul t
very slight changes of the  depth of seasona l thawing  (A~2 -M 1

)~~~ e obta ined ,
which also is well illustrated by the example.

C a l c u l a t i o n  of the  Inf luence of the Sn ow Cover on the Depth of Seasona l Thaw-
ing of the Ground (Example 13)

C a l c u l a t e  how varies on an area where the snow cover Is r e g u l a r l y  scraped
off  in winter  as compared wi th  na tu ra l  cond i t ions .  The grounds on the area
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are the same as in examl le 12 and are cha~ acterized by th~ following th~ rmo-

physica l properties: C,,01 
~ 

= 480 kcal/(m )(degree); Q
,~ 

= 18,720 kca l /m

-~ = 1.3 kcal/(m )(degree)(hr). The clima tic conditions were determined to be:
0 0t — -8 ; A = 19 z — 0.5 m; ~ = 0.19 g/cc . In the given case we st ill

a a ‘ sn Sn
neglect the radiation cm rection.

SolutIon, 1. U nder natural conditions In the presence of snow w i t h  a hei gh t
of 0.5 m the t emp era tu re  regime on the sur face  of the soil Is determined as
in exampl e  12: ~~t 5.2 ; t — 8 + 5.2 = -2.8 A = 19 - 5.2 — 13.8 . The

depth of the seasona l thawing of the ground is 
~ nom 1.64 m m d  

~ 
— 1•9 m •

2. In t he  case of remova l of the snow cover the teml r..-rature conditions on t h e
surface of the soIl are s i m i l a r  to the t emp era tu re  regime of the air . We as-
sume that t -8 and A = 19 • The depth of the seasona l th~ wi’u~ of the
ground in tRa t case is ~

o 
— 1.33 in; ~~ - 1.5 m.

mom A=l .3

Thus the remova l of snow in the region of seasona l thawing leads to  an insig-
ni f  lean t reduc t ion of the depth ~ even as a result of sharp lower ing of the
average annual temperature of the surface of the soil. In the 1—resented cx-
ample that reduction amounts to ~~1 20% of the depth forming under natural con-
di tions.

4. The I n f l u e n c e  of the P lan t  Cover on the i ønperaturc Regime and  the Depth
of the Seasona l Freez ing and T h a w i n g  of Rocks

The influence of the p lant cover on the depth of the seasona l freezing and
t hawing  and on the temp erature regime in rocks represents o n l y  one aspect of
the comp lex , comprehensive and important problem of the Interaction of the ve-
getation with seasonally and perennially frozen rocks.

Even in a brief examina tion of the indicated question it is necessary to bea r
In m ind the fo l lowing  dependences and correlations.

I. Ihe p lant cover influences the development of frozen rocks through the
changes of heat exchange between the soil and atmosphere caused by it.

The plant cover in the sununer periou parti ally reta ins dire-’t and scattered
solar radiation , which leads to some cooling of rocks. In the winter 1-~ rlod ,
on the contrary, the plant cover ir a hea t insulator which prevents the release
of hea t from soils. In that case the plant cover exerts a warming effect on
rocks. These two effects of the plant cover on the input and output parts of
the r a d i a n t  energy balance can be very d i f f e r e n t .  The r e l a t i v e  importance of
of their influence -- reduction of the irradiation of the soil In sununer and
radiation of long-wave energy In winter -- varies  in the  transition from north
to south.

Ac t u a l l y ,  in the north the w in t e r  is longer and the sununer shorter than  In the
south , and so the heat Insulating , as it were the warming , effect of p lan t
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cover on the temperature of soils can predominate. Such a comparison is pos-
s ib l e , of course , o n l y  when other c o n d i t i o n s  are equa l.

For d i f f e r e n t  p l a n t  covers ( f r  exampl e , moss cover and a p ine forest) the in-
dicated suiluner and winter effects on heat exchange will greatly differ. Dif-
ferences of vegetation also cause a difference in the albedo of surfaces , whic h
in turn creates d i f f e r e n c e s  in the reflection and absorption of radiant energy
and in the temperature regime of soils and rocks.

2. Plant covers affect the term erature regime of soils also through their ef-
fect on heat exchange between the atmosphere and the soil. Tho se effects of
vega tatlon on hea t exchange occur in different ways:

a ) f i r s tly ,  different types ~if vegetation volatilize di~ ferent1y the moisture
they take from the soil , thus influencing the heat ba lance of the air and soil
through their moisture content (the process of transp iration);

b)  d i f f e r e n t  types of v e g e t a t i o n  reta in and preserve d i f f e r e n t l y  the snow
cover aga inst  d r i f t i n g  and  m e l t i n g ,  which also exerts a great influence
on the course of the seasona l freezing and thawing. Th e In f lu enc e of th e  ~1ant
cover proves by this to be complexly connected with the Influence of the snow
cover ;

c) f i n a l l y ,  d i f f e r e n t  types of vegetation reta in moisture In the soil differ-
ently , thu~ influencing the therniophysica l characterist ics of the soil and
th rough  them the course of hea t exchange between the  soi l  and atmosphere .

3. U~~1~~r n a tu r a l c o n d i t i ou s  not  o n l y  the e f f e c t  of p l a n t  covers on the deve l-
opment of frozen rock masses occurs , but also the reverse influence of the lat-
ter  on I lant covers (Tyrtikov , 1963).

Thus fro7en rock masses and p lant covers , as a rule , develni In parallel , re-
acting to changes of each other . This circumstance , among others , Is a main
one for judging the correspondence between frost and geobotanica l conditions
and is used in frost s~mrveying.

‘Ihe influence of vegetation on the formation and development of frozen rock
masses is manifested , in particular , in changes of the depths of freezing and
thawing during the replacement of p lant conununitles.

The importance of the rep lacement of some types of vegetation by others in the
formation of permafrozen rock masst’s ’increases during movement from north to
south and is e sp e c i a l l y  grea t in reg i on s a d j a c e n t  to t h e  southern  b o u n d a r y  of
the p e rm af r o s t  r egion . The degree of con c en t r at i o n  f p lant  conunun lt i e s  in
types of seasona l freezing and thawing increases in the same direction , tha t lo ,
the Indicative importance of the p lant cover increases.

The data of A. P. Tyrttkov presented in Table 23 confirm the 1 - -osition on the
coo l i n g  i n f l u ence of the p lant cover in regions h ear t h c  sou thern  boundary  of
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permafrozer.  rocks s ta ted  at the beginning of the sect ion. h owever , It should
be recalled that the influence of the p lant cover on the soil temperature is

varied and complex and requires further study. Under different conditions ,
especially In combina t ion with the effec t of snow, the plant cover can have a

warming ‘r a coo l i n g  influence. Thus , for example, it has been - - , t, blished
tha t in the Far East at a snow thickness of up to 20 cm annihilation of the
forest leads to cooling of the soil , and at greater thicknesses of the snow ,
to Its warming.

It can be said tha t in a c’-’nt inental climate with a long summer and a severe
winter with a snow cover of 10-20 cm the p lant cover Identically protects th
soil aga inst both sununer heating and winter cooling. When the snow cover Is
thicker the warming effect of the plant cover In winter will be greater than
the cool ing effect in sununer.

In northern reg ion s the presence of a moss-grass cover and brush causes increase
of the average annua l temperature of the soil by 1 - 2 • The grass-moss oover ,
brush and forest reduce the annual amplitudes by 15-25% separately and 30-50%
taken together.

Moi st mossy and peat covers , because of their great moisture c~ paci ty, sharp ly
increase their therma l conduct ivity in the frozen state. This causes a reduc-
tion of the average annua l soil temperature by I - 3%, CXC4-’T U in r e g i o n s  with
a thick snow cover , where the reverse effect is observed. The reduction of
annual amplitudes of the soil temperature under moss and grass covers can reach
50-60% , and when there is a thick  moss cover and peat -- even 80-90%. The
q u a n t i t a t i v e  i n f l u e n c e  of vege t a t i on  on the  temperature regime of the soil
surface can be determined by means of the calculating methods proposed below ,
depending on the aspect of tha influence . By one method an estimate is obta ined
of the influence of vegetation on the radiation heat balance and through it on
the air temperature directly on the plant cover on the soil. Tha t method has
already been examined by us as a method of determining the radiation correction ,
representing the difference betwe en the temperature of the surface on the leve l
of 2 .0 (1. 5) ~ (see the examp le on page 1)) .  The influence of vegetation as
a heat insulating layer is determined by other methods.

Calculation of the Influence of the Plant Cover on the Formation of the Tem-
perature of the Surface of Rocks (through the Radiation Heat Balance of the

- - - - - - - - Surf ~ ce)((Examp le 14)

In the process of a frost survey, data of microc l imatic observations were ob-
tained at severa l specially equ ipped weather points. The first point Is a
s t a t i o n  on the  second terrace above the  f l oo d  pla in , composed of de1~ vlal-
solifluctiona l , detrita l , heavy , sil ty, sandy b arns 

~~ k 
1500 kg/in ; w —

25-30%; 
~ t 

1.3-1.5 kcal/(m)(degree) (hr). The p o i n t  ~as set up on a felling
area wherdi the v e g e t a t i o n  cons is ted  of brush ( w i l d  rosemary and mountain cran-
berry), infrequent herbage and greell-moss cover with a heigh t of 3-5 cm. The
second point was situated on a swampy surface of the first terrace above a
flood plain , in a dense deciduous forest where the surf ce of the soil is cov-
ered by a so l id  mn~ s cover with a h e i g h t  of ~bout 10 cm. The layer of seasona l
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thawing a t  tha t  p o i n t  was w e l l  decomposed minera l ized peat 
~~~~ k 

800 kg/rn
3
;

w varied from top .ø~ bottom in the  layer f rom 50 to 80%; >~ 
=
S 
0.25-0.5 kcal/

(m)(hr)(degree) . The third site was in a swamp of sedge and moss within ter-
race

3
l above the flood p l a i n , where to a depth of 0.35 in Is peat ~~ k 

700
kg/rn ; w = 43%; X — 1.0-1.2 kcal/(m)(hr)(degree).

The investigations at those :laces included radiation , gradient (at heights of
0.1, 0.5 and 1.5 m) and geotherma l (to a depth of 1.5-2.0 in) observations , and
t he  comp osi t ion  and p roper t ies  of r -~~ks of the layer of seasona l thawing and
the upper p a r t  of the unde r ly ing  f rozen  rock mass  a lso were s tud ied . On the
bas i s  of the results of observations the following data were obta ined: R , LE ,
B and t~L - t , where t - t is the difference between ther p l a n t  a i r  p lan t  a i r
air temperature on p lan t  cover near the  s o i l  and at a he igh t  of 1. 5 m. The
heat expenditures on turbulent heat exchange and the coefficient of heat tr- ”~-
fe r  f r om the surf ace ~ were c a l cu l a t ed  w i t h  those da t a .  The s t a r t i n g  da t a a n d
va lues of o~ are presented in Table  24.

Tab l e  24 . Components of the r a d i a t i o n  heat  ba lance  (sum fo r  10 da ys ) and cal-
culation of the coefficient o( according to data obtained in act m o -
metr ic  and gradient observations on 20-31 July 1964 

~~~~ - -

A - -

C m - o  , ( 4 1 # C . .  C-’ -C : ,  ‘ U , ’ ’ )  1I~~ .1’ -~~C

I ,~ I

P. c~ i i  (~ 4 2 
~ 

2 . ’ C 2 . 1 2. ~1
~~~ ~ K , ) i , Ie 

- I , “~ 2. ) I
lh i,,ci.i ( t I C  I )  , .,2 0 , 1 4  0.4

P - R Li~ B . ~~~~~~ 0 , 45 O I l  II . -~~’
t
~ CCT ~ C - ‘ 2 2 , 3 I .~~ I T

R i / ~ B 
-- -U , *, C.C~~ i C ’ . 7 - ’~~ C~~~ 9 3 I I

3

Key: A - Comp onents  of r a d i a t i o n  hea t b a l a n c e  B - For po in t s
l - k c al/cm 2 2 -L L — t - t  , °C

2 
K p lant  air

3 - k c a l/ ( m  ) (degree ) (h r )

Ai suming tha t the correlation between the radiation ba lance it s t a t i o n

poInt 1, wh ere  the r egime observations were made , and point s 2 and 3 , obta ined
in the last 10 days of July, was preserved during the entire summer , the sum-
mary va lues of the  components of the r a d i a t i o n  heat  ba lance  d u r i n g  the summer

~k ’  ~ LE and were calcthlated. On the  basis of those data  the d i f f e r e n c e  of

the  sums of the temperature of the surface of the p l a n t  cover (Q~ ) and
a i r  (~~ ) du r ing  the 6ame sulliner per iod was de te rmined  w i t h  p lant

a i r
the  formula  

~, ~)3‘I -  
- ‘ -

“ 1 . j C  I
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T f  the difference of the sums of the temperatures ~ and t a i r  du r ing  the

year is div ided by 12 (the number of months in a yea r ) ,  It Is possible to  ob-
ta in t h e  average annua l value of that d i f f e r e n c e. The c a l c u l a t in g  da ta fo r  a
year ,re presented  in T a b l e  25.

T a b l e  25 . Components of the ra d iation heat b~ 1ance of the  s o i l  s u r f ac e  ( tota l
for  a y e a r )  and determinat  ion of the difference of the average
annua l tempera ture  of the s u r f a c e  of the p lan t  cover and a i r  as a
f u n c t i o n  of the charac te r  of the  vege t a t i on

- — - — 

13 ~. CC~~).~~~~K 
—

1 2 - s

~~ 2~? ‘C ( ~ 5 _ i -

- 

-
, A C ’

, 
- - —~ I 

- I
1 2 I -

1~ . sc~~ I - -~ , ‘ 0 .5 5
IL , ~~‘ i ( , ’ -~~~,

- , -j ~ : 3 2  I - -s i i

\ t ~~~~ ~~~~~~ 
3

Key: A - Conrpone~ ts of the r a d i a t i o n  hea t ba lanc e and 4~
tR B- For the ~ o in t s

I - kcal/ cm 2 - k ca l/ (m 2 ) (h r ) ( d e g r e e )  ~~ 
- 

~~ 
- t~~~~ C

It follows from Table 25 that the a v e rag e  annua l air temperature on the surface
of vegetable cover near the soil (moss, grassy cover , forest underbrush , etC)
Is 0.2-0.5° higher than the average annua l air temperature at a height of 1.5 in.

The presented example shows that In estimating the influence of the plant cover
on the ternj erature of the sur face  it must be taken into considerat ion th a t  t he
c r r e -c t  ion for the factors of solar radiation in the sununer period and of dif-
ferent microreglons • s differentiated as a function of the character of the
cover. On swampy sections with a sedge-moss cover that correction is O.l_ 0.2

0
,

and it reaches its greatest va lues (0.5
0
) on felled area s and dry sections with

a thinned plant cover.

The following approx imate dependences , derived by E. D. Ye~-shov (1971), can be
proposed for calculat lna of the therma l influence of the lin t cover (as a
layer of hea t Insulation) on the temperature of the soil surface :

- 

- - 

_ \ .-~~, ~~, 
- I-  ~ 4 ~ ~~-

‘T

- 
~ ~ C ~ I \ -t -t. 2 

~ 4 2)
I- ‘ / 1

where 1A
1 

and ~ A 2 an the d i f f e r e n c e  in the average d a i l y  a i r  temp eratures  on
the surface of the p lant cover and under It respectively during the cold
and warm t imes of year , °C , and t and are the length of existence of the
n e g a t i v e  and p o s i t i v e  a i r  t empera tu re s  r e spec t ive ly ,  h r ;  T is a p e r i l -Id equa l
to a year , in hours .
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where z is the  hei ght  of t he  l an t  cover , m; 1< and  h-~~ ar e  t h0  c ou f f  ic I t  nts
of therma l c o n d u c t i v i t y  of the p lant  cover  in h 0 -  f ro ~~ et  and thawed :~t , ,t e s
r e sp e c t i v e l y;  A and t are the annua l amp l i t u d e  of air temT-erature

p lan t p lant
and the  annual average air tum~ cr , I t u r c -  on tlsc surface of p lant cover under
snow respectively, that is , with consideration of L.t • In calculating A 1 and
A the va lues  of t and t , are t,sk~ ii with c ’ II- ~~h - r~ t ion of the  s ign .
2 p lant air

Calculation of the I n f l u e n ce  Cf the Plant Cover nn the Tem~erature Regime of
Rocks as a Layer of Hea t  I n s u l a t i o n  (Example 15)

Ca l c u l a t e  the therma l influence of moss cover w i t h  a he igh t  of 0.1 in on the
temp erature r egIme of the  so i l  s u r f a c e  on a section of a lake-alluvial lain
if t — -15.4 , A 2~~.6 ; z — 0.5 m ; 

~ 
= 0 .19 g/cc . In a d d i t i on

a ir a ir so sn
dur ing  field survey work the following da ta were obtained which characterize
the reduction of the daily amplitude on account of the moss cover in the  sum-
mer (Table 26).

The length of the period with positive average daily temperatures is 106 da ys ,
and with negative is 259 days.

Table 26. I n i t i a l data on reduc t ion  of t h e  daily amplitudes of temi -e r a t ls r t:
on account  of moss cover

— 

A 

—  

‘1 1 
C O ~~~ 5 O  

,sa, - eC:) .4 I f ,)MUM. ’ C I  
- — — - 

I I ; - , I - -,w r’. I— — —- —
“‘‘~ -

- ‘. 1 5  . I I J V I T  ~‘ ,-V II
U Ii II II

1 h I ~i I OUt.p~~H- ’C I I  ‘ . ‘ “ I~~: l

2 f l -CS 4 C C ~~ - C / - C C - I - p I n - C c ;  1 /!c, ’ IIIJ •‘.h C. - I 5 -~ I I -
3 U C , ; c C , r , I -I ’ 0.1 .II ‘‘I!,I 5 . ?

Key: A - Placement of thermometers  B - l h - r t n o m & - t e r , -

meter readings fo r  p e r i o d s , °C 0 - ~h .I f -.

a - max b - m m  c - A p l a i s t
1 - On the  surface  ~

-
~f the  fl IC - - 5

2 - Under  t h u  moss ~n the  - . - I C~ I -~

3- — M ost  h e i g h t  of 0 .1 in

p
~
__ 

~~~~~~~~~
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Solution, I. On the basis of data of the temperature point we calcu late the
coefficient of therma l conductivity of thawed moss, using for that purpose
equatIon (4.4.1), wh ich we solve for K:

K 3 . 14 .0 .01

T’ (In A~~., In A~~ 
24 (In 9 .15 — In 0,25)1

0 .03 14
~~0,OO01 ~~/ ‘wc;

24 . (3 59

On the basis of data of similar calculations Kf 
— 0.005 m

2
/hr.

2. We calculated with abbreviated formula (5.3.10) the thermal Influence of
the snow:

~~~cui 26,6.0,27 1 7,2°.

3. The temperature regime on the surface of the moss cover (under the snow)
will be determined as:

— 15,4 -~~ 7,2 = — 8,2°; JL.~cr 26.6 7,2 19,4°.

With formulas (5,4,3) and (5,4.4) we calculate A 1 and A 2 and 4A 1 
and

A1 = 19,4 -
~~

- 8,2 = 27 ,6°; A~ == 26,6— 15,4 = 1 1 ,2°;

259 -6216 ‘ac~ T , - 106.24 2544 ‘(ac;

o if .4 ,14

A tl~ 27 ,6(1  — e ~ V U .(JOO~ 2 ~~ l’~ ) 27 ,6 (1 — e-~~Q 7!)

27 ,6.0 ,07 = 1 ,93°;

o 7 __________

~\ ~t. = 1 1 , 2 ( 1  — e  ‘~~ °‘°~~~~ ~~~~~~~~ ) - 1 1 ,2~ 1 —e °-~~) =
11 ,2 .0 ,22 2 ,46° .

4. With formu las (5,4.1) and (5.4.2) we find tke sought values E~A and
• p a n

plant
1 ,93 62 16 2 ,46 2514 ,

~ ~L\ ~~~ S760 
- — — , 1

At 
2 I ‘23 .62 ! ;  2 . 46 2514 

— 
~~—

Thus the plant cover, represented on the investigated aectign by moss with a
height of 0.1 in, reduces A by 2.1° and increases to by 0.4 • With consider-
ation of the influence of ~he snow and plant covers the t~~lperature regime on
the soil surface will be determined as:

1~ -f- A te, - ~~~ — 1 5 ,4 ~— 7 ,2 0 , 4 = —7,8°,

A0 =A ,_ A t ._ AA~~7 26 ,6 7 ,2 — 2 .~~~~~7.3 .
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The qualitative Influence of the plant cover on the depth of seasona l freezing
and thawing of rocks can be traced on the following schematic diagram (Figures
39 and 40). Shown on it are the changes of the depth of seasona l freezing and
thawing as a function of changes of the average annual rock temperature and
the ampl it ude of temperatures on Its surface. Therefore to determine the in-
f l u e nce of the plant  cover on the depth ~ it should be determined how it Inf lu-
ences the change of the average annua l temperatures and their annua l ampli tudes .

f t c, 1/ tj V 
~
, i~~A, Figure 39. Schematic diagram for

cover
depth of seasona l freezing and thaw-
ing of rocks in northern regions :
t -- average annua l temperature of
s~ i1. with cover ; t 2 -- the same
without plant  cover.

ti ,, 0• P, 7,
- - - --—- - - — i — — A,
, 

~~~~~~~~~~~~~~ 
A z

Figure 40. The same as on Figure 39,

~~rt~ 
in southern regions.

Since the cooling Influence of the plant cover has a stronger influence in
southern regions and the warming influence in northern regions, those influ-
ences should be examined separately for southern and northern regions. The
removal of the plant cover in northern regions leads to reduction of the aver-
age annua l temperature of the soil and increase of the annua l amplitude. On
sections on which unfrozen rocks propagate (left side of Figure 39) it is shown
that annihilation of the plant cover reduces the average annua l te1~~erature
from the value t

1 
to the value t2, as a result of which the depth Jç increases

from the point in
1 
to the point in

2 
in the positive direction 4.J , an~ the annua l

amplitude increases from the value A~ to the value A3, which i~ii turn increases
the depth of seasona l freezing from ~he point m~ to the point 1fl

3~ 
that Is,

also leads to a positive increase of 6.f2. As a result of such addition of
the influence In northern regions the removal of the plant cover considerably
increases the depth of seasona l freez ing by the va lue 

~ 1l 
+

On the contrary, as is ev ident f rom the r ight side of Figure 39, the remova l
4 of the plant cover on sections of seasona l thawing changes its depth incon-

sideubly. This occurs because the Ind icated operation , f i r s t l y ,  lowers the
average annua l t emperature from the value t to the value t 2 and as a result
of that reduces the depth of thawing from tAe point in 1 to the point m2, that,
is , leads to a negative increment -- 

~~~~~~~~ 
Secondly, Increase of the amplitude

from the value A 2 to the value A 3 increases the depth of thawing from point m~
to point in3,  creating 6

~ 2 . Thu s the f i r s t  and second influences as it wer e
compensate each other (6~~ ~~~~~

- - - 
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4 Presented on Figure 40 is a diagram simIlar to that of Figure 39 which shows
the influence of removal of the plant cover on the depth of seasona l freezing
and thawing in south~~

fl regions~ f the permafrost territory.

It Is evident from Figure 40 chat in southern regions the remova l of the plant
cover has the opposite influence on the depth of seasona l freezing (the left
side of the diag ram) in comparison with northern regiocts. Here when the p la nt
cover is removed the depths of seasona l freezing of rocks change s l i gh t l y  and
the depths of seasona l thawing increase great ly.

It  should be recalled tha t the regu lar i t ies  shown on Figures 39 and 40 are
valid when other conditions are equa l, and when there is inequality of any of
the natural factt,rs at all , for example, the snow cover, can also not be ob-
served. The influence of the plant cover on freezing and thawing Is complex
and varied , as can be shown on the following example.

Ca lculation of the Influence of the Plant Cover on the Depth ~ With Consider-
ation of Latitud ina l Zonation (Example 16)

In the northern part of the region of permafrost (on sections with long-stable
types of seasona l thawing) and near its southern boundary (on sections with
semi-transitiona l types of seasonal thawing) the influence of a similar plant
cover is manifested differently. In both cases the layer of seasonal thawing
cons1st~ of b arns, the thermophysica l3

properties of which are: C
voi t 

— 620
kcal/(nv ’)(degree); 

~ A 
— 25,000 kcal/m — 1.3; -‘ 1.7 kcal/ 

- (m )(hr )
(degree). In the north: t ir 

— -15.4°; A ir 
26.6 ; the length of the cold

period is 8.4 and that of the warm period Is 3.5 mortths~ Near the southern
boundary of the region of permafrozen rocks tair 

— -6.6 ; Aair 
— 210; the

length of the warm period is 5 and that of the cold is 7 months. The snow
cover in the northern and southern zones of the region of permafrozen rock
masses is identical: z — 0.5 in and — 0.19 g/cc. The plant cover consists
of moss with a thickne~~ of 0.1 m; ~he coefficient of therma l conducti’~ity of
the moss in sunnner (K

t
) is O.0OO~, m’/hr and in winter -- Kf — 0.0005 in /hr,

Solution. A. /Calculation of the influence of moss cover in the northern zone
of the region of permafrozen rocks/ .

It follows from the preceding example that a moss cover in the north under the
indicated conditions increases the annual average temperature of the surface
of the soil by 0.40 and reduces the annual amplitude of temperatures by 2.10.
Under the influence of the snow and plant covers the temperature regime of the
surface of the soil in the north is as follows:

- = — Is ,4 + 7,2 -~ 0, -I = —
A0 - A — A t ~~-— A A~~, 26 ,6 — -7 .2 -— 2 , 1 - 17 .3° .

When the moss cover is removed and the snow cover preserved the temperature
conditions on the surface of the soil with consideration of the radiation cor-
rection, equal here to ~~~ — ~

•
~~0 and AA~ — 1.30, will be determined corre-

spondingly as:

15 ,4 - 7,~ -0 ,5 — 77 °

,4~ 26 ,6--- 7.2 ~
- 1 ,3 - 2 0,7°.
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In order to determine the influence of the moss cover on the depth of the
seasona l  thawi ng we calcUla te , us ing nomograms , the depths of thawing forming
in the indicated two temperature conditions of the surface of the soil (under
natura l conditions and on sections with the plant cover removed).

1. We w i l l  f ind the temperature sh i f t  according to the nomogram (see Figure
33) at the following initia~ data (natural conditions): ~

) t -7 .8°, A —

— 17.3°, Cvo1 
— 620 kcal/(m )(degree); Q~ — 26,000 kcal/m~; 

)
~ — 1.3 and

X — 1.7 kcal/(jn)(hr)(degree). Under those conditions At~ ~ 0.7
°. Consequent-

— -7.8 - 0.7 ‘~~ -8.5°. b) t — _ 7.7°; A — 20.7°; the rema ining para- 
~meters are the same as in “a”; AtA °~ 

1.0
g
. Co~sequently, t,~ — -7.7 - 1.0 — -8.7 •

2. We will determine the depth of seasona l thawing of rocks on section with
a moss cover. The

3
initial parameters are: C — 620 kcall(m )(degree~ ;

Q — 26,000 kcal/m ; .\ — 1.3 kcal/ (m)(hr)(de~~e~~; A 17.3 ; t~ — -8.5
will find — 0•~ in~~ 

~A—1.3 
— 0.9 x 1.14 — l•0~ rn.

On a section without a moss cover the depth of seasonal thawing at A — 20.7
0
;

t — -8.7 ; (the remainder are the same) is: ~ 1.05 in , ~~ ~ — l 3 ~ 1.05 x
1.14 — 1.20 ~~. 

nom

Thus the remova l of the moss cover under the indicated conditions leads to
increase of the depth of seasonal thawing of loam by 12 cm.

B. /Calculation of the influence of moss cover near the southern boundary of
the permafrozen rocks/.

1. First we calculate the warming influence of the snow with abbreviated f or-
mule (5.3.10): £~t~ — 21 x 0.274 — 5.8°. From which the temperature ~onditions
on the surface of ~he moss are determined: t — -6.6 + 5.8 -0.8 A— 21 - 5.8 — 15.2°. plant ‘ plant

2. Using equations (5.6.3) and (5.6.4), we find the values:

a) A1 = 15.2 : 0 , 8 - 16°; T1 ~- 7.30.24 5040 ‘4ac;
i1~ ~~~~~~

= 16 (1 — e °’ 1 I O. O~~~ 2 
~~~~~~~~~~~~ 

16.0 ,08 1 ,28°.

6) A2 = 21 ---— 6,6 = 14 ,~%° ; -r., - - ~720 sac;

1/~ 
-

AA , -~~ 14 ,4 ( 1  — —e ~~~~~~ 
~~°) 

= 14 ,4.0,19 2,74°

Whence with (5.6.1) and (5.6.2) we obta in

- - 
I.~~ 

‘ -~~2,7 4 5  
~

~~~~JcT ~ 0,64 ! 1 ~~~l~!j ~. 
~ - - 0 ,3°.
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Thu s in the southern par t  of the region of permafrost the plant cover (in the
given case the moss cover is a cooling factor ; it lowers the average annua l
temperature of the surface of the soil by 0.3°. W ith consideration of the
snow and plant covers the temperature regime on the surface of the soil is de-
termined as:

- 6 ,6 : - 5~~ - 0 , 3 —- 1 ,1°;

A, 2 1 — 5 ,8-- - 1 ,9 -
~~ 13 ,3° .

3. We will find successively the temperature shift and depth of seasona l thaw-
ing of the loam on a section with and without a moss cover.

a~ On a section with moss and snow covers: t — _l.2
0
, A — 13.3

0
, C —

- 620 kcal/(m )(hr); Q~~ - 26,000 kcal/m
3
; )~ 1.3; )~f 

- 1.7 kcal/(m)(hr)(de-

gree); !~t 
‘
~~~ 1.0

0
; t — -1.2 - 1.0 — -2.2°; 

~ 
1.30 in; 

~ ~—b .3 
— 1.3 x 1.14

1~4 in.

b. On a section with snow and without a moss cover the temperature conditions
on the lurface of the soil, with consideration of the radiation correction ,
where here is dt R — 1.00 and I

~
A
R 

— 2.90, are determined as:

- - 1, L\t,~, ; - At ~~ = — 6 ,6 -
~~

- 5,8 4- 1 ,0
A0 i1 -— At~ AA~ - - - 21 —5,8 2 ,9 18 , 1° .

We will find the temperature shift &t~. At t — +0.2° and A — 18.1
0 

(the remain-
ing initia l parameters are the same as in “a”) L~t~ — 1.60. 

0 Then t~ — 0.2 -

— 1.6 — — 1.4 .

The depth of the seasona l thawing on the area without a ~oss cover is deter-
mined by the following conditions: C,,,,01~~ — 620 kcal/(M )(hr); Q~~ — 26,000

kcal/m3
; 
~~ 

— 1.3 kcal/(in)(hr)(degree); A0 
— 18.10; t,~ 

— -1.4°. Then t
n m  ~~

‘

‘
~~ 1.80 m and 

~A—l .3 
— 2,0 in.

In conclusion it can be noted that the depth of the seasona l thawing of l o m
when the plant cover is removed increa ses both in the north and in the south
of the region of permafrozen rocks. In the former case that increase is about
10% of the depth which forms in the presence of vegetation , a nd in the latter
40%.

5. The Inf luence of a Water Cover on the T emperature Regime of Bottomset
Beds and on Their Seasona l Freezing and Thawing

The temperature regime of freshwater lakes without outlets depends on their
depth . S ince the thickness of the ice in lakes during very severe winter con-
ditions does not exceed 2-2.5 in, bottomset beds in bodies of water with a depth
of more than 2.5 in a1~~ ys ase in an unfrozen state. In that case , if the width
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of the lake exceeds twice the thickness of the frozen rock masses in the given
region , then under the lake, as a ru le, forms a tabetisol or talik which goes
through, and wI~en the width is 

smaller and the thickness of the permafrozen
rock masses is grea ter a t a l i k  which does not pass through can form.

To characterize the tempera ture regime of water in bottomset beds in winter
we SI ll  present data on temperature measurements of the water in Lake Pere-
val ’noye ~~able 27) ,  situated on the divide of the Kebyume-Khandlg r ivers at
a height of 1418 meters; the lake is 400 meters wide, 800 meters long and 17 .9
meters deep (Shvetsov, 1951). The average annua l temperature of the rocks in
the region is _lOO. Presented in the same table are the temp eratures in a lake
on the Yano-Ind igirskaya lowland (Chizhov, 1973).

Table 27. Water temperature (°C) in Lake Pereval’noye (according to P. F.
Shvetsov, 1951) and in Lake Glubokoye (according to A. B. Chizhov ,
1973).

— 

O ’ ~~~~ ’~~ ’ 
- - 

“,- ;~~~I ’ ~ o’.oe 
—

I. i.~~ ’~” .~ ‘ I - ’. t 1  . ,~~ \ W  I ’ J ’ ~ LX • X I

I •

~

‘ ~~~~~ I.:3 ~ ;j

I ( - ~~.~) 0 .0 0. 5 ( i e~~ 9 , 2 7 ,8 0 ü
i ,2 1.0 12 .4 6 ,6 1 3

3 ,7 1. 3 2,0 12 ,4 7 ,7 1 7
-1 .7 1 ,9 2. 5 9 ,2 6 ,6

2 ,7 3 .0 12 ,4 1 ,8
4 , 7  3 ,0 3 ,5 9,1 6 6

3, 1 4 ,0 12 ,2 2 , 1
11. 7 3 .2 4 ,5 9 ,3 7 .7 6 ,7
13 ,7 3,4 5,0 ‘~ 2
19 , 7 3.5 5.5 9 ,0 7 .5 6. 7
17 .7 3. 6 6 ,0 ~ .2 2 ,4

~ HO 4 ,6 6 ,5 7.4 8 ,7 7 ,4 6 ,5 -

7.0 6 .8 2 ,6
7. 5 6 ,5 8 ,9 7 .5 6 ,6
8 ,0 6 ,4 2 ,6
8 ,5 8,6 7 ,4 6 .5
9,0 6 ,0 2 .8
9,5 8,6 7 ,2 6 ,4

10,0 2 ,8
10.5 6 ,5 8 ,7 7 ,4 6 .5
11 ,0 3 ,0
11 ,5 8,6 7 ,5

Key: A - Lake Pereval’noye B - Lake G 1.ubokoye
1 - Depth, meters 2 - ice 3 - bottom

It is evident from Table 35 that the temperature in winter increases with depth
to approximately 4°~ ~t which temperature the fresh water is very dense and
t.nds to descend to the bottom. That process of convective mixing occurs in
the gt~~~er. In addition , in st~~~er there also is mixing of the water by the
w ind , and so its max ima l stmeier temperature in shallow northern lak.s can be
considered approx imately identica l over its depth.
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If the depth of the body of water Is smaller than the ice thickness possible
in the given region or close to it , the lake can freeze to the bottom and
both negative and posit ive average annua l temperatures can form in the bot-
toiaset beds . In tha t case , depending on the depth of the water in the lake ,
the annua l amp litudes of temperature on the surface of the bottomsat beds also
will change.

It is convenient to examine the temperature regime of the bottoinset beds In
shal low lakes freezing to the bottom by using Figure 41, on which a sohematic
diagram is pr ese n ted of the distr ibu t ion of min imal (t

~~i~~
) , maxima l (tmax )

and average annua l (t , equal to t and t~~) temperatures on the ice cover
as a fun ction of the ~epth of the cody of water (h). I t  can be assumed- -wi th
some approximation tha t In winter the minima l temperature in the ice cover wi th
the thickness H varies linearly from t on the surface of the ice to 00ice mm
on its base, and the suniner maxima l temperature of the water rema ins constant
in depth as a result of convective mixing of the water. It is evident on Fig-
ure 41 that the average annua l temperature of the ice (t a ) at  a cer t a in  depth
H is equal to :

/ H -  - H\
I - — ) lM,•~ t~ . 

— -  — 

2 
- - — (5 . 5 . 1)

and at the depth H — H1 
it is equal to 0°.

t . o /~ ‘ t — • - c
~ Figure 41. Schematic diagram of the dis-

N N _!
“ t r ibut ion of minima l , maxina l and annua l

- - ‘\

\ 
N 

average t emperatures in the ice cover of

~ \ 
a body of water.

1
tl

At an ice th ickness smaller than H
1 
the average annua l temperature on the sur-

fa ce of the bottomset beds is below ~0, and at an ice thickness larger than H 1it is above 0°.

Therefore the following three temperature regimes of the bottomset beds are
possible as a function of the depth of the body of water H.

I. A depth of the body of water smaller than H1. In that case the average
annua l temperature on the surface of the bottomset beds is below zero; they
are in a permafrozen state and only in suamier do they thaw to a certa in small
depth.

2. A depth of the body of water H larger than H but smaller than H e In
that case , as is evident from Figure 40, the ave~’age annua l temperatt~~e on t~e
lower lurface of the ice and on the surface of the bottomset beds is above 0 ,
but the body of water and the bottomset beds freeze in winter as a result of
the negative winter values of the temperature in tha layer. In that case
seasonal freezing of the bottomset beds occurs.
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3. Finally, if the depth of the body of water H is greater than H ice 
the body

of water does nt freeze to the bottom and the temperature ofl the surface of
the bottomset beds a lwqys rema ins posi t ive . In tha t case , under the lake ther e
must be a talik which passes through or does not pass through, depending on
the correlation of the dimensions of the lake and the thickness of the perma-
f ro zen rock masses.

Ca lcu lation of the Temperature and Depth of Seasona l Freezing in Bottomset Beds
of Shallow Lakes (Example 17)

In conducting a f ros t  survey the following data were obta ined: a maxima l depth
of the lake of 1.0 in a nd bSttomset beds composed of b arns , for which it is
known that 

~~k — 1100 kg/in ; w — 40%; >~ — 1.0 ; A~ — 1.3 kcal/ (m ) (degree ) (hr).

The climatic conditions were: t — -8.5°; A — 23°; z — 0.3 m; p — 0.25air  a i r  sn sn
glee . The thickness of the ice cover H ice 

on deep bodies of water formed in
winter under the regiona l conditions is 1.6 in.

Solution.  I. We wi l l  determine the temperature regime on the surface of ice
(water ) in a body of water (t~ ). The warming influence of snow according
to formula (5.3.10) is L~t 

—
— cc

23 x 0.153 — 3,50• Then t — -8.5 +
sn 0-ice

+ 3,5 — -5.0° * and A0 ice — 23 - 3.5 — 19.5°.

2. We determine the depth of the zero isoth:rm H 1 w ith the formula

ff ,i (i  
1M.~~~~.i)  (5 -) ”)

MHH JI

where
tIla,c -~ 1g., .- 19 ,5 + (_ 5,0) 14 ,5°;

- A~~ — t0., = 19 ,5 — (— 5,0) 24 ,5.
Then

/1, 1 .6 ( i  _ 

~;:~ ) 1 ,6 (1  — 0 ,59) -
~ 0,66 Af ,

A nd so , under the bod y of water , where its depth is ~“ s’0. 7m , passes the zero
isotherm of the average annua l tempera ture on the surface of the bottomset beds.
The boundary of propagation of the permafrozen rock masses under the lake co-
incides with it.

3. We will examine the temperature regime on the surface of the bottomset beds
H with in the limits of the talik , where the lake depth is 1.0 in, with formula (5.5.1):

*jn p”ecise calculations t and A must be determined with consider-0- ice 0- iceation of the rad ia t ion  correction.

**J~he va lue of t obta ined in the calculation is taken with the m inusm m -  icesign.

192



1 ,6 - 1.0
— 

~~

——  — ( 2-i . 5) 14 ,5
,, ~/1 - - L,() -

If it is taken into consideration that the maximal temperature in suniner on
the surface of the water Is equa l to the max imal temperature on the surface
of the bottomset beds (as a result of convective mixing In a shallow body of
water) and the average annua l temperature is known , one can readily determine
the ampl i t ude of the annual temperature f luc tuat ions  on the surface of the
bottomset beds at a depth of 1.0 m:

- - 

~~ 
— 1 4 , 5 — —  2,6 =- 11 ,9°.

4. To determine the depth of seasona l freezing of bottomset beds we will cal-
culate the initial thermophysica l parameters , assuming that the quantity of w
in loam at an average winter temperature (t

~~r
) of _4.650 (t

m wtr 
— 1/2 t~~ ~~— 1/2 (11.9 - 2.6) — -4.65° is about 8% (see Figure 31). Then with formula

(4.1.6) we ca lcula te

C , - = 0 l S . 1 1 O 0 - - 0 ,5~
40 -~-~~- 100 100

- 455 &KQ.? ’ ’i~ ~~~~~~~ a no ;~ i~~e (4A Si

~~ 
- ~ _~~_

- I I 00 14(3 K?W .
-
~ 100

5. Under the established tomp -rature regime of the bottomset beds in the layer
of seasona l freezing of rocks a temperature sh i f t  forms . Its value in the
given ca se is close to 1

0 (see examgle 9 with s i m i l a r  condi t ions).  Consequent-
ly, t — t

H 
+A tA — 2.6 - 1.0 — 1.6

6. With the nomogram (FIgure 17) we find the depth of seasona l freezing of the
bottomset beds on the section of 1ake

3
w1’~ere its depth is 1.0 m. Th~ initia l

parameters are: Cvol f  — 456 kcal/(m )(degree); Q~~ 
— 29,040 kcal/m ; —

— 1.3 kcal/(m)(dagree)(hr); A — 11.9°; t~ — 1.6°; ~ — 1, 3; ~ — 
— 1,3

0 nom
x 1.14 — 1.5 in.

Salt lakes, especially when there are high concentrations of brine , can have
the temperature regime of bottoinset beds not subject to the above-indicated
regularity. In that case the bottomset beds can freeze even at a depth of the
body of water ~I1) exceeding the thickness of the ice in open bodies of water.
Investigations have shown that on the bottom of strongly mineral ized lakes
a negative temperature of the saline water can be preserved in winter and sum-
mer . This is expla ined-by  the fact  tha t the maximal density of the saline
water is observed at temperatures of -15 to _200. Thu s, in salt  lakes convec-
tive currents do not develop in the sunmier and heat exchange occurs only through
therma l conductivity.

A temperature of ~O has been observed in the bottom layer of such la kes in
sumer and of down to -20? in wiliter . Clea r from this is the role of salt
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bodies of water in the cooling of bottomset beds and formations of permafrozen
rocks under them. In that case the change of the hydrochemica l regime of the
lake can lead to change of the temperature regime of the bottomset beds. With
Increase of the salinity of the water the seasona l freezing of bottomset beds
ca n change into their  seasona l thawing and the format ion of permafrozen rock
masses and, on the contrary, when bodies of wnter are freshened a pertnafrozen
rock mass existing under them can melt.

The seasonal freezing and thawing of bottomset beds and their  mutua l trans i-
tions can be accomplished also on a shallow sea bottom along the coast of
northern seas. This is possible because sea water freezes at -1.9 and , being
itself in liquid form, can freeze bottomset beds if the latter are saturated
with less mineralized moisture.

The question of the forma tion of permafrozen rock masses on the coasts of
northern seas during the interaction of salty sea and fresh cont inental waters
is examined later in Chapter 8.

6. Dependence of the Temperature Regime and the Depths of Seasona l Freezing
and Thawing of Rocks on the Relief and Exposure of Slopes

The position of a section in the terra in determines to a great extent the tem-
perature regime of the soil and is in that respect a strong and variably acting
factor. The variety and complexity of the influences of a given position of
a section in the relief of the locality on the depth of the seasonal freezing
and thawing is expressed in the following.

1. The average annual rock temperatures, and consequently also the depths of
the seas -ia l freezing and thawing, vary as a function of the height levels of
the locality. With increase of the height by 213 m the average annua l rock
t emperature is lowered by 1.00 and the depths of the seasonal f reezing and thaw-
ing change accordingly.

2. Variation of the height leads not only to change of the annua l average
temperatures of the rocks and annua l amplitudes of temperatures on their sur-
faces, but often in that case the litholo*ica l composit ion and the moisture
content of the rocks also change. In other words, with height there is a com-
plex change of alt the classificationa t characteristics of t~e types of seasonal
freezing and thawing, and also of such factors as the snow and plant covers.
As a result the difference in temperature of the rocks in mounta ins and at sea
level can reach lO_200 or more.

3. In addition , the exposure of slopes influences the heat exchange and depth
of seasona l freez ing and thawing. Also important in that case is the steepness
of the slopes , which determines the angle of incidence of solar rays and so
the amount of absorbed radiation.  That influence iMj examined in detail in
Chapter Z.
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Calculation of the Influence o~ the Steepness and Exposure of Slopes on the
Formation of the T empera ture of Rocks (Exampl e 18)

On an investigated section the slopes 3re composed of block debris m a t e r i a l
with a small content (20-30%) of sandy loam filler . The annua l course of the
rad ia t ion  balance of the surface on slopes of d i f f e ren t  exposure and steep-
ness obta ined in the process of a survey is present ed in Table 28.

Table 28 Rad ia t ion  ba lance (kcal/ (cm 2 )(month ) on slopes of d i f f e r e n t  curva-
ture and exposure

—_ 

H ’ !  H H
• - °-~~~~‘- ~~ 

~~~~~~~~~~ 

0 l i i  I’ , V V I \ 1 )~V UI J X X ‘J XI J

10 2~~~ — t , o — 2 . l 0, I~ 8.6’  ~~~ - 1 . 0 ~ 21~ 2. J 2 1 . 1
2) 2 ,~~ 1 ,~~ - l . ~ 0 4 ’ 8,7 ~~~~~~~~~~~ ~~~ 2 .~ -2 ,6 21.0 

- ‘  10 -
~~

. - l , 1 - ; - - 3 ,2 3 , 0 -_ 1 ,9.
~~

o r
~

.
~~~ I 4 H  0,9~- 21~ -2 0.0

- 2 5~ 2 , 1 -3 , 2 3 , 1 -2  I U t F 5 9 I
~ ,~~3,9I_ O , 5~ 2,~ 2 -2 , 3 

“0 ~ 2 1  I I
~~~ ,,

~~~ 
2 . ..~ - 3 ,0~ —O h- 7 ,2 9 ~~~~~~~~~~~ 1 , ’~ 2J~ 2.:~ 17 ,4

Key: A - Exposure a - Southern b - Northern c - Western d - Eastern
B - Curvature , degrees

Solution. Since the slopes are composed of block debris formations it can be
assumed that the amount of evaporation from the surface of the slopes is not
great. It can be assumed that the coefficient of he&t transfer from the sur-
face ~( is 20 kcal/(1n2)(degree)(hr)*. Then the radiation correction for the
temperature of the surface of the slopes can be determined from the equation

— R/D ’~ . The calculations should be made as shown in the example on page
30’. The results of the calcu lations showed that the radiation correction for
the average annua l temperature of the surface of the rocks for different slopes
varies in the following manner (Table 29).

Table  29 Table of va lues of

~~R. A - Exposure B - Curvature, degrees
- - I ‘C a - Southern b - Northern

c - Western c - EasternI I )  1 .2IOA~IIa q 20 +1 .4
I))
20 — 0.1

10 —20 — -0 ,9

The difference of the average annual temperatures on slopes with southern and
northern exposures is expla ined m a i n l y  by the difference on them of the sum-
mer ampli tude of t emperature f luctuat ions  on the surface of the rock. Ac tua l ly,
in winter , when there Is very l i t t le  radiant energy ar r iv ing , the northern and
southern slopes are cooled almost identically. But, as the data of Tables 6
and 13 show, the suniner heating of the rocks on them is different and far more

*According to V. S. Luk’yanov and M. D~ Golovko (1957)

195



intense on the so,atbern slopes. The decrease of the suniner and annua l ampli-
tudes on the nor thern slopes causes a reduct ion  of the average a n n u a l  rock
t emperatures on them. The maxima l d i f f e r e n c e  between the average annua l rock
temperatures on slopes wi th  nor thern and southern exposures is observed at  a
steepness of the slopes of 15_20 0 and decreases du r ing  both fur ther  Increase
and decrease of steepness.

In the high l a t itudes  the Inf luence of exposure of the slopes on seasona l
thawing and on the temperature regime o~ the rocks diminishes soinewhat~ sinc e
there In the course of the en t i re  sununer day the sun moves in a c i r c l e  above
the hor izon , warming slopes wi th  a l l  exposures.

The change of the average annua l temperatures of rocks and the i r  amp l i t u d e s  on
slopes wi th  northern and soUthern exposures is shown on Figu re 42 . The depths
of the seasona l f r e e z i n g  of rocks on slopes wi th  northern and southern expo-
sures differ far less than the depths of seasona l thawing on slopes with the

~~tne exposures.

Let us consider f i r s t , how the depths of seasona l f r e e z i n g  of rocks d i f f e r
under the condition that the average annua l rock temperature Is higher and
the annua l amplitude of temperature on the surface Is greater on slopes with
southern tha n w i t h  nor thern exposures.

Let at  the average annua l temp erature  t 1 GFigure 42 , l e f t  s i de)  and the ampl i -
tude A 2 on a slope wi th  a northern exposure (N)  the depth of seasona l freez-
ing of the ground is marked  by the point  m 1 . On a slope w i t h  a southern ex-
posure (s) the average annua l rock temperaeure under corresponding cond i t ions
is t , but the depth of the seasona l f r eez ing  here is smal le r  and is marked
by t~ e p os i t i cn  of the point  m2. In tha t case the depth of f r e e z i n g  would be
s m a l l e r  by the va lue ’~~~1

. But on a slope w i t h  a southern exposure as compared
with  a northern exposure the amp litude of the temperatures increases from the
va lue A 2 to the va lue A 3, as a resul t  of which the depth of f r eez ing  a l so  in-
creases by 

~~
‘
~~2 from the va lue  at  point  in

2 
to the va lue a t  point  m3. Thu s

dur ing  seasona l f reez ing  the inf luence of the exposure of the slopes on the
•1 depth of freezing through change of the average annual temperatixes and am-

plitudes of temperatures compensate one another (A ~ .,_ . A~ 1)~ Consequently the
exposure of the slopes has little influence on the cfèpth of the seasona l freez-
ing of rocks.

~i C F igure  42. Change of the average
~ -—--~~~~~ r ’~~~~~ a nnua l rock temperatures and am-

s o n
and southern exposures.

ç ‘~

Let us examine in the same way the influence of the exposure of slopes on the
depth of seasona l thawing (right side of Figure 42). It is evident from the
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f i gure tha t In compar ison  w i t h  the slope w i t h  the  nor thern exposure w i t h  the
average  annua l rock temperature  t

1 
and the amp l i t u d e  of t emp era tu res  A 2 , on

the slope w i t h  a southern  exposure (S) the depth of the seasona l thawing  in.
crea ses f rom the  ~ oln t  m

1 
to the p o in t  m

2 
on account of Increase of the average

annua l t emp era ture  and f rom p o in t  in~ to p oint  m3 
on account of increase of the

.inn l i t u d e .  In  the given case both tnt luences lea d to increase of the depth of
thawing  

~~~~ 
+ 

~~~~~ 
I t  Is evident  f rom a ccxnp ari son of the two cases tha t the

exposure of the  slo’ os h~ s a stronger i n f l u e n c e  on the depth of seasona l thaw-
ing than  on the  depth of t h e i r  seasona l f r e e z i n g .

The in f luence  of the  exposure on the depth of seasona l f r eez ing  and thawing can
a l s o  be c omp l i c a t ed  by other f a c t o r s , for  example, Ir r e g u l a r i t y  In the d i s t r i-
b u t i o n  of the  snow cover . T yp ica l in tha t respect is the reg ion  of Vorkuta ,
where the i n f l u e n c e  of the exposure of the slopes on the tempera ture  of the
s o i l  Is very sm al l .  Th i s  occurs as a r e s u l t  of the blowing and redeposit ion
of snow in w i n t e r  f rom the southern to the nor thern  slopes by the southern and
southwes te rn  winds which preva i l  there In win te r . As a resu l t  of tha t  the in-
fluence of thi- exposure of the slopes is compensated by the opposite influence
of the snow cover , and the temperatures of the rocks are equalized on slop~~
w i t h  a l l  exposures.

7. The Inf luence  of Swampines s on the Temperature Reg ime of Rocks and Their
Seasona l Freez ing  and Thawing

Of ten  on swamp y sections the average annua l rock temperature is 0 .5_ l 0 lover
than on d ry,  wel l -dra ined sections. Such a dependence has been observed in the
Far  East , in Zaba ykal’y-e, in Southern Yakut iya  and in other regions wi th  s m a l l
th ickness of the  snow cover . For the regions of Vorkuta , Western Siber ia ,
Igra ka and others wi th  a th ick snow cover of up to 0.8-1.0 m the reverse de-
pendence is noted -- on swampy sect ions the temperature of rocks is h igher than
on dra ined sec t ions .

The f o l l o w i n g  cons idera t ions  can be presented to exp la in  these d i f f e r e nt  inf lu-
ences of swampiness on the average temp eratures  of rocks as a f u n c t i o n  of the
thickness of the  snow cover.

A larger q u a n t i t y  of hea t accumulates in mois t  rocks and swamps in the suniner
than in dry.  At the same t ime , as a resul t  of the grea ter heat  capaci ty  of
moist  grounds their  temperature  is not elevated so cons iderab ly  as the tempera-
ture  ‘f dry rocks.

In w in te r  (wi thou t  snow) the grea t therma l conduc t i v i t y  of mois t  rocks in swamps
p ermits them to cool almost as rap idly as those with less heat capacity, dry
rocks with less therma l conductivity. As a result the average annual tempera-
ture of the- grounds in i swamp is lower than in drier rocks. In the case of
a th ick snow cover the increase of the therma l conduct iv i ty  of mois t  rocks dur-
ln~ f r e e z i n g  . 4 lr e a dy  does not p lay  such a role , as the heat insu lating effect
of th~ snow has the  m a i n  ImpDrtance. In tha t  case their great hea t capacity

to L~’ the deciding fac to r .  Therefore  under snow moist rocks w i t h  great
heat ‘.apacity cool more slowly than dry rocks with less heat capacity, and as
u result the average annua l temperature of moist rocks becomes higher than that
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of dry rocks. F r  example, dur ing  the growth of bodies of water in Western
Si beria the process of formation of perrnafrozon rock masses proceeds in the
f o l l o w i n g  manner.

As long as there is water, which strongly accumu lates heat , on the surface of
the body of water , the layer of ground wh ich froze in winter completely thaws
in sumner , and a permafrozen rock mass does not form. Therefore in the north-
ern ta lga of Western  S i b e r in  the lowland and t r a n s i t i o n a l swamps are  under la in
by thawed rocks.

In Iro~ ort ion to the accumulation of peat the separate sections of swamp emerge
f rom under  the water , r a i s i n g  themselves above the lowered sect ions of the
swamp by 50-60 cm . In tha t case the sedges and cotton grasses on them are re-
1-laced by peat mosses, in p laces by green-moss cover with low-growing shrubs.

In winter those peat mounds freeze more rap idly than the lower and moister sec-
tions , the snow is blown awa y more strongly from them , their temperature is re-
duced and there is increase of their iciness and volume as a result of moisture
mi gration and heaving. At first under such peat bogs through-flows start to
form; then the i r  thickness increases and they gradual l y change into perinafrozen
rock masses. In proport ion to Increase of the height of the peat bog its mois-
tur e and ice con ten t increases, which leads to change of the average annua l
fock temperatures and to corresponding changes of the depths of the start of
seasona l freezing , and then of seasona l thawing.

Calculation of the I n f l u e n c e  of Swampiness on the Formation of the Average
Annua l :remperature of Rocks (Example 19) -

In  a ft ~ost survey the f o l l o w i n g  da ta were obtained : t 
~, 

-11. 7°, A 
~ 

22 °;
z~~0 — 0.4 m ; ç — 0.28 g/cc; >.. 0.25 k ca l/ (m)(deg~ e~~) (hr) .  The a r t ime

from the moment of establishment of snow to the moment of the spring inversion
of the sign of heat cycl ing through the surface ‘l ’ ’ 4700 hours. Swampiness of
the surface is man i f e s t e d  in the form of sedge-green-moss swamps with open
mirrors of water only in the period of snow melting and falling ra ins. In the
rest of the year water is observed between mounds in the form of small depress-

•‘ ions and the moss cover is saturated with water. The soils are silty b arns
conta ining a large quan t i t y  of organic matter . Their  character is t ics  are:

~sk 
— 800 kg/rn3; W

1 
— 68%; 

~ 
— 0.7; A f~~ 1.5 kcal/ (m)(degree)(hr); C,,,,01~~ 

—

800 kcal/(jn ) (degree) ; Q~~~ 
— 54,400 kcal/m . In addition , as a result of in-

vestigations it also has~
’been established that on swampy segtions the radi~tlon

correction for the temperature of the surface is: tR 
— 1.5 and A

~ 
— 2.5

The vegetation increases the average annua l temperature and reduces the amp~ i-
tude of t emperatures on the surface of the soil respectively: At lant — 0.7t~A — 2.00. On well-dra ined sections in the same ~egion theFe are sandy
l~~I~~

flt
~~th the following properties: 

~sk 
— 1200 kg/rn ; ~~~~ — 20%; w~ 

— 3%;

— 428 kcal/(m )(degree); A~ — 1.0; — 1.2 kcal/(m)(degree)(hr); —— 0.8°;AAR 
— 1.8

0
. The plant cover, consisting of a sparse deciduous

forest
0
with underbrush, increases the average annua l temperature of the soil

by 0.5 and reduces the annua l amplitude by 1.5 • The snow cover , just
as on swampy sections , reaches a height of 0.4 in with a density of 0.28 g/cc
(> — 0.25 kcal/ (m)(degree)(hr )).
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Solu t ion.  I. We deterinino the farming i n f l u e n c e  of snow cover w i t h  a he i ght
of 0.4 m and ,\ — 0.25 kcal/ (m) (deg ree ) (h r ) on swampy sect ions  ju s t  as in
exasuple iü , it s being g iven tha t L~t~~ — 2.4 and 6° in accorda nce w i t h  fo rmula
(~.5.5). The data of the calcu l a t i on  are presente~ in Table  30. If we con-
struct a graph (FIgure 43) we f ind that 

~
tsn 5.1 .

Table 30 Calculating data for determination of t~
tsn on swampy sections

I 
~~~ 

3 4 5 

- 
6 

- 

7 
- 

8

- V -

I 
~ 

—
~~ 

~ C ~~~~ Qc

- ) - - - 
k U .~ 2 I  1 . ( ~~~~J 0

- 

~~~~~~ I
2 u 

~~~~ 0, 7 i3~~ o ’ H  - - i-s , ; ~~~~I~~, o .~~ !I ; o : ’ I~ - ;  ‘ -~7 i i
3 .~ ; , - 0~~!~ ~- ;i,~ -

Key: 1 - Lt , °C

2 - t — t + ~~t_ + ~&t + E~ t — 11.7 + 1.5 + 0.7 + ~ t ,o air -r sn sn
3 - A  — A  +L~A.~~— t~.A —L ~t — 2 2 + 2.5 - 2 — i ~t ,°c

o a i r  r sn Sn
4 - A ,
5 _ Q ,  kcal/m~ 

-

sn-wtr
7 - t  ,°C -

o~wtr 28 - 

~sn’ 
kcal/m

.9 

_ _ - : -
~ 

G . 

:~~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ / 

//

& -~ - -~~~ -~~~~~~ - ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ _i_ 
~~ - -~~~~~~~_ L -

- ‘ - ‘ -~~ :.) 
- 

- - .
,
. J 5  / Q  - -‘I

Figure 43. Graph for finding L~t on Figure 44. Grap h for f inding
a swampy section. ~ t)~ on a swampy section.
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2. We find the temperature shift in the layer of seasona l thawing of rocks
on a Swampy section , where

- — 1 1 ,7 - 1 , 5 - I - I t
A ~?2 ~? S - ~ -5 ! If , I~.

Using equation (5.3.1) by the method of tria l and error , being given the values
for ~ tA of 0. 5, 1.0 and 2.00, we calculate both sides of the equation - (Table
31).

Table 31. Calculating values for determination of L~t~ on swampy sectiôns

.~ c ~~~~~ I
I

0 5  0~~ 2 10 ,2 I
1- 0  — -~~~

-
~ U, NJ l0 ,o

2 0  - 0 7 5  11 ,0 1 , 13

Having constructed the graph (Figure 44), we find that ~~~ 1.2°. Consequently,
— — 4. 4  - 1.2 — -5.6 . 

-

Thus on swampy sections under the conditions of the given region the average
annua l temperature of the ground as a result of the combined act ion of snow

- 
and temperature shift increases by 3.9 - (5.1 - 1 . 2 )  in re la t ion to the a i r
temperature. 

-

3. We determine the warming influence of snow -with a height of 0.4 in and
— 0.25 kcal/(m)(degree)(hr) on dra ined sections. -Being given values of

of 1, 2 and 4° we obta in the following calculating d~ta (Table 32). Having
constructed the graph ~F igure 45) we find that At

sn — 1.8

Table 32 Calculating data for determ inat ion of s~~t on drained sections

~~~ ‘o ~~ 
&

- - - ~ P — A ~ 0 1 0(H ~~~ , -~ ~) ~~ & ~. - ~ & ‘& .t ’  rp ’ - & -  ‘ &- u -  0-  ~~ M-  c9& .‘-C -~ - - Y ~ - U GA j’ft4 t (~ 0.. ~~~ &. $ a’

- - 
-- u :  

-~ 
- - - -

I Yl ,3 1 .40 1L5 1 2 .0 ~3 ,O - - 20 ,2 ft
2 -R ,4 ~O . 3 I .4 13 . 7 1 ,06 22~~20 — - — -1~- ,9 24 i S~
4 6 ,4 l~~,3 1. 1)0 II ,? 1 . 1 3  25~ ’l7 - - I l(~. 2 5~~9-3 O

(Column headings as for Table 30, except for numer ical va lues )

f~~~~~~~~:~Z :::~~~ 

Li t~~

• 15~JO ‘s” b ~‘~~~r !r .~-”
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4. We examine the temperature shift in the layer of seasona l thawing on
sections composed of sandy b arns , where

11 .7 - O 0,5 : I S  - ~/ ,5~;

-1~ 
2.~,0 ; - 

~~~~~ 
- 1 ,5 - - 1 ,6 :~

),5°.

With  the nornograrn (F igure 33) we f i n d  tha t for  those cond i t ions  
~~t A 0.5° and ,

consequently, t~ — -8.6 - 0.5 — -9.1 . -

If we compare the obtained values oft~ on swampy and drained sections we see
that in the given region swampiness increases the average annua l rock tempera-
ture on account of inf luence on tIt and E~t~ 

- 
by 2.6 . 

-

sn

8. The Inf luence of I n f i l t r a t i o n  of Summer - Prec ip i ta t ions  and Conv~~~t ion
of Ai r  on the T emperature of Rocks and the Depth of Their  Seasona l Fréez-
ing and Thawing

Rocks can vary their  t emperature not on ly  on account of therma l conduc t iv i ty
but also as a resul t  of convective heat exchange. Convective heat exchange
in rocks can be accomplished bas ica l ly  by three methods: 1 )-b y  mois ture  mi-
gration to the front of ice separation during the freezing of rocks (see Chap-
ter 6) , 2) by i n f il t r a t i o i ibto the rocks of warm or cold waters , bring ing hea t
or cooling rocks, and 3) by the entry of warm or cold air into the rocks.

Convective heat exchange caused by moisture migration was examined in Chapter
3. Here we w i l l  dwell on examination of the inf luence of the infiltration of
precipitations and convective air flows into rocks on the formation of the tern-
perature regime and the depth of seasona l freezing and thawing.

The intensity of heat transport into a rock through the infiltration of sur-
face waters (precipitations), firstly, as a function of temperature and the
filtration capacity of soils and underlying rocks. The temperature regime
forming under the influence of the infiltration of precipitations depends also
on the thermophysica l characteristios of the filter ing rocks. For example,
in the region of the Aldanskoye highland the divides are composed of strongly
weathered bedrocks covered with large-block eluvia and deluvia . More than
half of the relatively small quantity of annua l precipitations falls there
in the sumaer period and, be ing f i l tered , warms the layer of deluvia and
el uvia and also the fractured zone of the bedrocks.

The heat balance ean be determined in the following manner for the layer of
seasona l thawing through the transport of heat into the ground by iAfiltrating
su~~ner precip i t a t ions. I t is obvious that the additiona l arriva l of heat

~~add~ 
in the seasonally tha wed layer is determined with  the formo la

Q~ ,, V/ 0~C, ~~~ I )

where V is the quant i ty  of sumer prec ip ita~~ions i n f i l t r a t i ng  the ground , kg/rn2 ;

re 
is their average sunrn~er temperature, C; C is the heat capacity of water,

aLiãed to be 1.
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Some sort of heat flux from the ground to the atmosphere, equa l to that add i-
tiona l heat arriva l, must be simultaneously established . This will be assured
by a temperature shift into the layer of seasona l freezing (thawing), on the
base of which the temperature will be higher than on the surface of the ground.
Through this a heat flow also will be established from the layer of seasonal
freezing (thawing) into the atmosphere , the amount of which is determined in
the following manner:

Q ~~~~~ (5 ~

If we add (5.8.1) to (5.8.2) and solve for4t rec we obtain a formula which
makes it possible to quantitatively estimate ~ the warming influence of the
the infiltrating waters:

- ‘~~‘oc ~~~~~~~~ 
(5 - .

- ~~~~~ -

where )~f 
is calculated with formula (4.1.19).

It follows from (5.8.3) that the elevation of the ground temperature by infil-
trating warm precipitations is directly proportiona l to the quantity of inf 11-
t ra t ing precip ita t ions , their temperature and the thickness of the layer ~ and
Iiwersely proportiona l to the reduced coefficient of therma l conductivity.

Calculation of the Influence of Infiltration of Sunmier Precipitations on
and ~ (Examp le 20)

As a result of investigations on a section of the second terrace above th~
flood pla in the following data are knowni. the sands have 3’ 1500 kg/rn
C
spec 

— 0.18; w — 12%; w — O; X

f — — 1.5 kca1/(m)(hr~~degree).
The climatic conditions are determined to be: t — 6.8°; A — 20°; z —

- . air air sn
— 0.3 in; — 0.19 g/cc.

The conditions and temperature of sumaer precipitations are presented in
Table 33.

Table 33 Conditions of sumer precipitations and their average monthly
temperature

A Mec~ ow V VI VII V III TX

I Ko.i,i~ecri~o cca axoti . ~.w  . . l~ 20 75 l~5 30
2 CpfaHeMeC~ 4Ha~ T r . i I I ~~par ) pa

ro’~avxa , °C 0,3 10.0 11 .0 9.3 3 ,5

Key: A - Months 1 - ~uan t i ty  of prec ip itations , ma 2 - Average monthly
air  temperature, C

— X
f 

is assumed in order to s implify the problem.

202



Solu t ion . 1. We de te rmine  the temp erature condi t ions  on the sur face  of the
so i l  wi th  cons tderat ièn of the inf luence of the snow cover (at — 20 x
x 0.178 — 3.60 ) and the r ad i a t i on  corrections , equa l to ~~~ — ~ 0.8 and

— 2.3°:

t ,~ . i~’$I 1~ ~
- t\t~, 

_ — e ~ , 8 .L. 0 ,S : .3 , lj -
~~

4 , A- l ~ - .\1~ 20 ~
- 2,3 -

~~~ 15 , 7° .

2 . We determine the thermophysical properties of the sand wi th  (4.1.7) and
(4 .1.4)

( -‘,,r, i (
~ I-5 - ~.5O1) 

~
- 1 ,O~~

’ ~~ - 450 A/u: ? ’AA ~~~~~too - -

Q ~~~~ 
12 2500 4( a ~ J-~U. 1/ M ~~.

3. The suimnary heat flux (Q — C x V x t ) arriving in the layer
prec a ir prec prec

~ with the precip itations can be determined as the sum of the pr oducts of the
monthly (10-day) sums of the precipitations times the average monthly (average
10-day) air temperature during the entire wa rm period of the year.

The stan of the precipitacions in nra cited in c 1imat 1~ reference books corre-
sponds to the quan t i t y  of water in kg a r r iv ing  per m of area . Therefor e in
the given case Q — 1.02 (11 x 0.3 + 20 x 10.0 + 75 x 17.0 +65 x 9.3 + 30 x
x 3.5) — 2217 Prec

kcal/m . The heat capacity of water C
~ 

— 1.0 kcal/kg x deg.

4. Ca1c~ lating equation (5.8.3) for determination of the warming influence of
infiltration (appl icable only for the region of seasona l thawing of rocks) is
transcendenta l, since it conta ins two interrelated unknowns: At and~~.
Therefore it is solved by the method of tria l and error, for wh~Srcertain
values of At re are given, for example, a) 

~
t r 

— ~~ 3
0 and b) At 

rec 
— 0.5

We find t~ and ~ in accordance with those values. We will examine these cases:
a) At — 0.3°; t — t

o 
+ E~t — -2.4 + 0.3 — _2.l

0
; we find ~ with a

gram (see Fig~re 16) at the following initia l data : C
voi t 

— 450 kcaL/(m
3)

(degree); Q~~ 
— 14,400 kcal/in

3
; \ — 1.5 kcal/(m)(hr)(degree); A — 18.7°; t~ —— -2.1°. We find that — 2.15 m; 

~~—l .5 
— 2.15 x 1.22 — 2.6 m. b)At

prec~
— 0.5°; t — -2 .4 + 0.5 — 1.9°; we find f for the given value of t~ ; the
ina in ing  i n i t i a l parameters are the same as in case “a”: ~ — 2 .2 If l ~ ~ , \ l  5 —2.2 x 1.22 — 2 .7 rn. nom

Fér cases “a” and “b” we find the right side of equation (5.8.3):

Q~~ ~:‘i7 .5 2.6 0,44;
2 ,5 - 8 7 6 0

2217 ,5 . 2 ,7 
0, 46.

2 .5 -
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Figure 46. Graph for finding Lit reca At , C/ 

) pr ec
~~~ 

- ‘ . 
‘ b - At — 0.45°C

prec
-ii c - 

~prec
I °c

Similarly to how it was done in finding the temperature shift MA (example 9)
we will construct a graph (Figure 46) on which the straight line y — ~~ ris intersected by the line y — 

~~‘r ~ 
‘NT’ 

The point of intersection p ec

gives the sought value of ~~ 
e (on the axis of abscissas) 0f~~~ tI 0.45

Thus the temperature regime precin the layer ~ , consisting of sandy deposits,
is characterized by elevation of the average annual temperature on the base

~ in re1atici~ to the average annua l temperature on the surface of the soil of
0.45° on account of the warining effeCt of infiltration of atmospher ic prec ipi-
tat ions. -

Calculation of the warming influence of infiltrating sumner ~rec~~ itations for
the Aldan region, where V — 300 ala in the sumner, t — 15 •~ — 3 m; A —pr ec ‘ f
— 0.9, g ives a va lue of L~t of 1.6 • In that calculat ion it was assumedprec
tha t a l l  sun~’er precip itations f a l l  on a horizonta l surface where there is no
surface runoff. The precipitations infiltrate the ground, releasing all the
store of heat. It follows from that approximate calcu lation that even under
such favorable conditions as, for example, in the region of Alda n, the value
of ~t is relatively small. At the same time, for that region in the lit-
eratu~~~~ warming influence of the infiltrating sumner precipitations is
usually estimated with figures of the order of 4-6°. It follows from formu la
(5.8.3) that those figures are greatly overstated. Actually, such an elevation
of the average annua l temperature in comparison with the temperature on the
surface is explained by other factors, in particular by the arrival of heat
on account of the condensation of vapor conta ined in the a i r  during i ts cir-
culation in rock pores. This is evident from the fact that the same increase
of the ground temperature from 1.5 to 2.0° which is caused by the infiltration
of 300 ma of surer prec ip~tations can be caused by the condensation of 100 dm3
of water per m of surface of the ground (or 10 ian of a layer). But tha t w i l l
occur provided that all the heat of condensation of the vapor goes for the ad-
ditional heating of the rock. There is no question that that will not occur.
Some heat will be lost to the atmosphere. But &f even 90% of that heat is lost
and only 10% goes for the heating of rocks, in that ease the condensation of
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water in a quantity of 100 nun will be equivalent to 300 nun of infiltrating
prec ip itatlons if all the heat content of those prec ipita tions (in relation
to 0°) is used for the heating of rocks.

Actually, even In the latter case only a portion of the heat will be assimil-
ated by rocks, and a portion will be lost to the a tmosphere . This  fo l lows
even from the fact that not all the impinging prec ip itat ions w i l l  in f i l trct~-
the ground. Some of them will go into surface runoff,

In the light of those positions the relative ly great importance of the con-
densation of vapors in the formation of the temperature regime of soils is evi-
dent. However, the influence of infiltrating sununer warm prec ip itations , as
ca lculations with formula (5.8.13) show, evidently does not go beyond the lim-
its of l.5_2.00 and rarely reaches greater va lues.

Convective flows of air can play a considerable role in the formation of aver-
age annua l temperatures of porous rocks. In porous soils and grounds, evi-
dently, there constantly is an exchange of gases with the atmosphere, caused
by fluctuations of air pressures and temperatures on the surface of the soil.

If the rocks are very porous, such gas exchange can become very intense. The
process in that case proceeds as follows: cold (heavy) atmospheric air dis-
places the warmer and lighter air from the cavities of the rocks and cools the
latter. In that case it is itself warmed somewhat and is aga in displaced by
colder air. Winter ventilation of tha t sort is very noticeable in systems of
shafts and galleries and works in porous rocks, intensively cooling the latter
to a considerable depth.

In addition , separate volumes of air are often trapped in fissures and pores
of rocks and compressed by the pressure of. subsurface waters. Upon emergence
on the surface the t emperature of those masses decreases sharply as a result
of adiabatic eP~ansion. In the region of Aldan, for example, in sumaer at an
air ternperatur~ on the surface of about 20

0 -flows of cold air from slits and
fissures in rocks with a temperature of about -11 to -14° (Epshteyn, 1964).

Thus sumner infiltrating warmings and winter convect ive coolings, combined or
separately, can occur in porous or fractured rocks. Those influences can
considerably change the average temperatures of rocks and the depths of their
sedsona l freezing and thawing.

9. The Influence of Latitudina l Zonation and Height Zonation on the For-
mation of Frost Conditions

The influence of various factors on the formation of the temperature regime
of rocks and their seasonal freezing and thawing and other frost character-
istics are manifested differently in different geological and geographic
conditions. In particular, in tha t question of great importance at’e the coin-
posttion of the rocks and the annua l heat cycles. The composit ion of the rocks
belongs among the regional factbrs, and the heat cycles are subject to geo-
graphic latitudina l zonation and height zonatton.
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As is known (see Figure 22), from south to north in the region of seasonal
freezing of rocks the annua l heat cycles of the soil increase with reduction
of the average annua l L..~nxp era ture of the rocks on account of increase of the
depth of freezing. On the sr ‘them boundary of the region of permafrost, where
the depths of seasonal fr. o7ing and thawing reach a maximum, the heat cycles
in the soil have very gredL ~xnportance. Further in the region of propagation
of perinafrozen rocks fri. : V the southern boundary northward the average annua l
temperatures decrease, as do the depth of the seasona l thawing and the an-
nua l heat cycles in the soil and grounds.

In accordance with the character of the change of heat cycles , the inf luence
of different factors on the formation of frost conditio~s should be examined
as a function of the geographic latitudina l zonation and the height zonation.
Let us examine on that level the influence of heat cycles on the structure of
the radiation heat balance, in accordance with which the temperature regime of
the roOks is formed. It is evident from formula (4.1.11) that in , the half-
period of h.ating under the same conditions of insulation of the surface with
equa l amounts of absorbed radiation the components of the heat ba lance can have
different values as a function of -the heat cycles in the soil. The increase
of heat cycles at equa l amounts -of absorbed radiation leads t~ reduction of
the temperature of the surface, which in turn leads to a decrease of the ef-
fective radiation , expenditures of heat on evaporation and turbulent heat trans-
fer. Since the greatest changes of heat cycles are noted near the southern
boundary of the propagation of pemmaffozen rocks, and they dampen from south
to north, then accordingly the maximal changes of the components of the radi-
a t ion  hea t balance on account of heat cycles will also be noted near the swth-
em bc*indary. Large changes of heat cycles are also observed on sections with
very icy soils in the layer of seasona l freezing where durigg the entire sum-
mer , thanks to the “zero screen,” very large temperature gradients are observed
in the layer. On such sections the role of heat cycles of the soil also is -

large in the Structure of the radiation heat balance.

In the half-per iod of cooling the heat cycles in the soil exert a very great
influence on the structure of the rAd iation heat balance. In connection with
the sharp reduction of the arriving radiation the heat cycles in the soil be-
come the main source of therma l processes occurring on the surface.

In view of the facS tha t the quantity of absorbed radiat ion regularly increases
during movement from north to south, and the annual heat cycles, reaching their
maximum near the southern boundary of propagation of perniafrozen rocks, decrease
t oward both the north and the south , the lati tudina l zonation in the structure
of the radiation heat balance is very clearly traced north of the southern
boundary of the permafrost and is smoothed out to the south In accordance with
the decrease of the share of the heat cycles. All this will have a substantia l
influence on the formation of the temperature regime, the seasonal freezing and
thawing of the ground and the cryogenic processes. By virtue of that, in com-
piling a forecast of the changes of frost condit ions in connection with change
of the cond itions on the surface, leading to change of the structure of the
radiation heat bala nc e , it must be taken into consideration in which frost-
temperature , la t i tudinal and height zone the investigations are be ing conducted.
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D i r e c t l y  connected wi th  heat cycles in the  so i l  is the format ion  of the tem-
perature reg ime on account of a temperature sh i f t .  I t  is known tha t the max-
imal amount of temperature s h i f t  is noted at  the southern boundary of propa-
gation of permafrozen rocks . It diminishes to the south and florth. The dif-
ference in the amount of shift in tha t case can reach 1.5-2.0 for different
frosi-temperature zones. It is obviou s that the inf luence of that factor must
be taken into consideration as a function of the latItudina l and height zonation
di f f e r e n t l y  for  d i f f e ren t  zones .

Still greater importance in the formation of the temperature  regime of the 
-

soil  is acqui red by the l a t i tud ina l and height zonat ion in the eva lua t ion  of
the warming influence of snow. The difference in the warming inf luence of the
snow cover between different frost-temperature zones can reach 3_ 50 at the
same height of the snow and in ident ica l s ta te  and mois ture  content of the rocks .
In that case, maximal values of the warming influence of snow will be observed
near the southern boundary of the permafrost. North and south of that it will
diminish. -

A s imi la r  s i tua t ion  is noted in examining the influence of the exposure and
steepness of slopes , the plant cover and the infiltration of atmospheric pre-
cipitStions.

In examining the influence of surface bodies of water the latitudina l and height
zonation will be expressed primarily in variation from south to north of the
crit ical depth of the bodies of water at which taliks start to form under the
r iverbeds and lakes. The configurat ion of the through and non-through t a l iks
under r iverbeds and lakes will also change substant ially as a function of the
frost-temperature zone in which they are situated. -

Finally, it is very important to take into consideration the inf luence of the
latitudina l and height zonation in examining the transforming role of man ’s
productive acti”ity. The same measures (remova l of the snow cover, dra inage
of soils, change of the plant cover, the enswamping and dra inage of territory,
i~sphâlting and leveling of the terra in, etc) in different frost-temperature
zones can lead to substant ially different resu~~s.

Calculation oftj and S with Consideration of the Influenee of Latitudina l
Zonation of Natural Factors (Example 21)

Calculate how the temperature regime and depth of seasona l thawing of the ground
change during the removal of the plant and snow cover on sections near the
southern boundary of the propagation of permafrozen rocks (section I) and on
a section in frost-temperature zone IV (section II). In the process of frgst
investiga~ ions the following data were obta ined on section I: t — -6.3
A ir 

— 19 , z — 0.5 m; t
~~ 

— 0.25 g/cc ; A — 0.28 kcal/(m )(de~~~e)(hr);

— 3150 hours; ilA2 — 7.0°; LIA1 
— 2.5°; ‘

~2 
— 3720 hours; t’~ — 5040 hours

se~~5.4.3 and 5.4.4). The soils in the l~yer~ are composed of sandy loam
with the characterist ics — 1250 kg/rn ; Wv l  

— 28%; C
~~ 1~~~~~

500 kcal/

(m3
)(degree); Q

0 

— 22 ,400 kcal/m
3
; A

f 
— 1.3 kca1/~ n)(degree)(hr).
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On section II the condition s are characterized by t — - l l . 7°
~ A — 44°air ‘ a i r

Zsn — 0.5 rn; — 0.25 g/cc; 
~~sn 

— 0.28; — 4330 h r s ; A A 2 — 6°; 
~ 2 

—

— 2400 hrs;  A A  — 3°; ‘~f — 6360 hrs. In composWion the so i l s  are s i m i l a r  to1 1
ghose on section I : — 1200 kg/rn ; w

1 
30%; Cvoi_t — 500 kc a l / (m )

(degree); ~~ — 1.3 kcal/(m)(degree )(hr); Q~ 
— 24 ,000 kca l fm 3,

Solut ion.  1. We determine the influence of the p lant cover on the temperature
regime of the surface with formulas (5.4.2)  and (5.4.1) , in which  case , fo r
ca lculation of A , L~t was determined with (5.3.10).1 sn

a) on section I \‘. 
2.5 u 0 ,‘.O -~ .0 

-~= ~~~~~~ ~~~-~ 3~~•

2.5 . 504O~ 7 . 0 3 ~20 
— 4 40/ p3CT = 

—

~~~~ 8760 
— - 

‘

b) on section II
2 3 - 6360 —- 6 2400

PaCT - 0 33 1-I 8~60

3 .  h3~.() 
~

- 6 - 2-100 ,
~ ~PaCT - - 

8 0  
-~~

2. We find the warming effect of the snow cover on section I. Using calcu-
lating equation (5.3.5) by tria l and error we find ~hatL~t 4.7

g
. The ini-

tia l and calculating data are presented in Table 34, and sn
the graph for find-

ing i~t~~~ is on Figure 47.

Af~,, C O~,c~ ~~~~~~~ 
_______________________

‘0000 20000 30000 4~ ~~~ 20000 30000 4.0000

F igure 47. Graph for f i nd ing  ~~~~ n 
near Figure 48. Graph for finding Lit

the southern boundary. 2in frost-temperature zone IV. 
Sfl

a — lit b - Q c - Q d - Q/kcal/mSn gr sn

3. We determine how the t emperature regime on the surface of the soil and the
depth ~ change during removal of the snow and plant covers on a section near
the southern boundary:
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a) under natur~ condit ions :
— 19 -1 , -I - - 1 7  9 9V

- — f~~ V - - 1 ,0 - 1 , 7 — 1 .9 )

b) after remova l of p lant and snow covers:

. 1~ 19’; 1. 6 ,~) ; I ~~~~ i t .

Upon remova l of the covers the temperature regime of the grounds in the layer
of seasona l thawing becomes more severe but the depth ~

‘ 
increases by 0.26 m.

4. We find the warming influence of the snow cover on the section in temper-
ate zone IV . The init ia l and calculated data ?resented in Table 34.

Table 34 Initia l and calculated date for determination of ~tSn

~~~ ~~~ OT~~
V
~

A Ltb4 ~‘C , V ~~~~)0~,l 
, ~~OI~

‘C ~~~~~~~~~~~
- -

~~ 
- - - - - - — - - - - --

3 5 7 3 5

I 
~ = 1  - ~~~~~~~~~~ “C 11, 6 9.6 7,6 15 .2 13 .2 11 .2

2 ~~~~~~~~~~ - \ t C , ,  2 ,3 — 0.3 8 , -I — 6 , 4 4 , 4
3 t - 13 ,6 8,0 5.3 15 .7 13 .2 i0.~1. 14 1 ¶3 1.5) 0.9 0,97 1 ,0
4 ‘4 °c 8,0 5 , 7 2 . 7 11 .8 9 ,6 7 .6
5 :~~~, M 0.6 0,7 0.8 0,34 0,58 0,62
6 ~i 26 4 51 33’~’42 3-1 943 25 352 25871 26 776
7 Q~.. ‘~~~~~~ :a

2 44~~~ 22 79 )  33 546 42 148

A - n ’ °c B - Near the southern boundavy of the frozen zone C - In
frost ~emperatuie zone IV 1 - A — A - óA - ~t °C ;o air p Sn’
2 - t — t • l~t + ~ t , °C; 3 - t °C~ 4 - A , °C ; 5 -

0 air  2 p Sn 2 o-vt r , m f
6 - 

~gr’ 
kcal/m 7 - 

~~~~~~~ kca 1/rn

We find from a graph constructed on the basis of the obta ised data (Figure
48) that the warming influence of the snow cover is 3•5

0
•

V 5. We determine bow the temperature regime varies on the surface of the soil
and the depth s upon the removal of the snow and plant cover on section II:

a)  under natural conditiéns:

I 1 ,7 - 4 - 0,3 -
~~- 3,5 -— 7 , 9’;

A0 .=22—— 3,8-—3 ,5=~ 14 ,80; ~ - 1 ,0 At .

b) after  remova l of the plant and snow covers:

— -  — 1 1 73 A ‘ m o  .
0 -— . , ri

~ 
—_ h L  

~ 1 ,0 At .
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U pon r emova l of the covers in tha t zone the temperature regime becomes , just
as on section I , more severe , but the depth of the seasona l t h a w i n g  in tha t
case is p r a c t i c a l l y  unchanged.

It  should a l s o  be noted that  the in f luence  of the p lant and snow covers var ies
substant i a l l y  in accordance w i t h  the l a t i t u d i n a l zona tion . Near the southern
boundary of the permaftos t  the p lan t  cover is a coo l ing  f a c t o r  and lowers the
average annua l t emperature of the soi l  surface  by 1.0 ; on the sect ions in
fros t t empera ture zone IV that  same cover (moss-shrub) is a warming  f a c t o r  and
increases the average annua l ground t emp era tu re  by 0.3 . The inf luence of the
snow is unequivoca l in both cases -- it Increases the s o i l  t emp era ture  -- but  i ts
quantitative in f luence  is not i d e n t i c a l .  Calculations have shown tha t sn ow of
the same he ight  and densi ty under iden ti cal gr ound condit~ ons elevates the tem-
pera tu re  of the surface0near the southern boundary by 4. 7 , and in f ros t - t em-
perature zone IV by 3.5 • This  d i f f e r e n c e  is connected w i t h  the  l a t i t u d i n a l
zonat ion of the annua l hea t  cycles in the soils and with reduction of them
during movement from south to north.

The presented analysis of the influence of different factors on the temperature
reg ime of the soi l  surface and in the layer .~ must be used In concrete ca lcula-
tions of the annua l heat cycles in the ecu (Q) and depths of the seasona l and
potential freezing or thawing of the rocks (~~ and ~f) necessary for forecastingd i f f e r e n t  changes of frost conditions.

A n a l y s i s  of the Summary In f luence  of the ?‘r inc ipa l Natura l Fac tors  on the
Formation of t~ and ~ (Example 22 )

In mak ing  a f ros t  survey, studies are m~de by means of variou s field methods
of the composition , cryogenic s tructure, proper t ies , temp erature  reg ime , thick-
ness , propagation of seasonal ly  and permanently frozen rocks and corresponding
f ros t  processes and phenomena. To study regularities of the change of f ros t
cond i t ions  in connection wi th  change of the na tu ra l  s i t u a t i o n , an ana lysis is
made of the b i l a t e r a l dependences between the indicated character ist ics of the

- , 
types (~f sea sona l ly and permanently frozen rocks and separate natura l factors.
F irst a quantitative estimate is given of the inf luence of natural factors on
the temperature regime of soils and the depth of their seasona l thawing or
freezing. It is advisable for that purpose to compile a surunary table In which
it is necessary to give a characterization of each type of locality according
to geomorphologica l and geolog ica l structure, the hydrologica l and geobotanica l
cond i t ions , the ata te  of the snow cover and other conditions determining heat
exchange on the surface  of the soil  and in the ti- ickness of deposits , and a l s o
the thermophysica l. propert ies  of soils (Table 35) . Later , for  a l l  the pr in-
cipal microregions d i s t ingu i shed  on the scale of the survey, a series of cal-
culat ions should be made of the influence of each factor on t1 and ~ , as was
shown in the examples of chapters 4 and 5 , and the obta ined resul t s  t a b u l a t e d .
In sunining the influence of all factors we find the calculated va lues of t~ and

~, wh ich must be compared with the natura l va lues obta ined dur ing a frost sur-
vey. Comparison of the calculated and natural va lues is necessary for verifi .
cat ion of the correctness of the adopted calculating scheme. However, in the
comparison it should be borne In mind t ha t  the ca lcu la ted  data , as a ru le ,
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characte-r i~ e the average- annual values of the parameters , and the natura l --
their v,~iues for a specific year. In a d d i t i o n , divergence of the ca l c u l a t e d
and na t 1 lr a l  dat .~ can be ob~-. -rved if .111 t h e  components of hea t exchange on the
surface of the soil and in  the rocks have not been taken into consideration .
For eXanhi le , rather often in ca iculat ions the convective component of hea t ex-
change i.~ not taken into ~onsldL-ration , and that leads in individua l cases to
larg~ dlvergenc -~;. Since the c .ilculation of convective heat exchange In soils
u~ u .m1ly Iresents considerable difficulties , it is advisable to determine the
influence of the convection of water or air on t~ and ~ by field observations.

T h e  Correctness of the calculated data is determined to a considerable degree
by the roceclu re  In calculating the influence of natura l factors on t~ and ~
It must be done as follOws . First , corrections are 4etermined for the temper-
.ture regime of the surface on account of the radiation ba lance , then the in-
fluence of the Snow cover is determined , and later -- tha t of the plant and

~ , t er  cnv~~r and swamp iness -- t~t . After ca lculation of the indicated cor-
r-~ ctions the t etni orature regime SW

0f the surface of the soil is determined
accnrding to the scheme :

V ~~~~ 
\ i  -

.1 , 1 \ 1~ 
\ I \ . -1

Then one proceeds to calculate t~ with consideration of the tempera ture shift
and i~ filtration of warm prec i1 itations in the layer of seasona l thawing,
that lS m

t~ - \,
,. • \t,~~.

After the table I, completed , an a n a l y s is is made of the regu lar i t ies of change
of frost conditions on the investigated territory as a function of a complex
of na tura l factors. The calculated da ta not only help analysis of distinctive
features of the formation of different types of seasonally and permanently
frozen rocks , but make it possible to predict their changes in connection with
the natura l dynam ics of.the natural factors or their variation during construc-
tiot, , and also to purposefully vary the ftos t situation.

Presented below is an example of the comp ilati on of such a table for a section
of the Y e n i s e y  R i v t or where a la rge-scale  f ros t  survey has been made .

The investigated section is on the left bank in the lower reaches of the Yen i-
sey and includes an In-shore shoa l , a low and a h i gh f lood  pla in complicated
by numerous lakes and a f i r s t  terrace above the f lood plain. The alluvia l
lo wer f l o o d  p l a i n  is composed of beds of a l t e r n a t i n g  sands , sandy b arns and
b a r n s, w ith a subord inate number of layers of the latter. The h i gh f l o od plain
is composed of s i l t y  b arns and sandy  b arns with layers and lenses of clay, sand
and peat. The first terrace above the flood pla in was formed in Lartanian time.
The profile of the deposits is characterized by good uniformity over the area :
from the surface to a depth of 1-1.5 m lie sandy learns, below, to a depth of
5-8 in , sands conta ining up to 10-15% of well-rounded pebbles. A formation of
a l ternat ing sands , b arns and pebbles underlies the profile. The thermophysi-
cal properties of those deposits in the layer of seasona l thaWiug are pre-
sented In Table- 35.
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T a b l e  35 (Cont inued ) Key

A - Element of r e l i e f  B - Microrebief and calculation C - Co mp o s i t i o n
and genesis  of rocks of layer D - 

~
“
vo 1’ g/cc E - 

~sk .v o l ’ g/cc

F - C1, kcal/(m)(degree)(hr) G - 
V 

kcal/(m)(d2gree )(hr) H - 
~~~ 

kcal/m

I - A i r  tempera ture regime , °C - a - Aa ir b - t
a Ir ~ - Influence of snow

a - h , m/e, g/cc b - t k , °C K - t
plant

H °C a - fo r  A
1 

b - for  t .

L - E~t , °C M - , °C N a - caic b - actua lprec gas
I - First terrace above flood pla in II - H igh flood p la in I I I  - La ke bas in
on h igh  f l ood p lain IV - Low flood p la in
a - Trench b - Cut-through c - Natura l conditions -- sparse brush and low
bush on moss-lichen cover d - Natura l conditions -- dense alder scrub with
admixture of willow e - Natural conditions -- sparse grassy cover f - Cut-
throug~ and na tura l conditions -- sparse grassy cover
1 — Sandy loam wi th lenses of sand and plant sediments 32 - Sandy loam wi th layers of sand , wi th  1. 5 in of f ine-gra ined sand a l  Q 111 sr
3.- Silty loam , light , with layers of heavy and l ight sandy loam
4 - Heavy b arns with layers of silty sandy b asis
5 - Silty loam, heavy , with 0.7 rn heavy sandyi.ioam
6 - Heavy sandy loam, with layers of loam
7 - Fine-gra ined sand
8 - Sandy loam with layers of sand and loam al

The climate of the region is characterized by low average annua l air tempera-
tures (ta i r  — -10.5 ), great ampl i tude  of their  annua l  temperature  f luc tua-
t ions  (A

air 
— 2~ .3 ) and a large amount of precip itations (000 nun). The thick-

ness of the snow cover is extremely irregular on account of drifts and varies
from 0.2 to 0.5 in on the shore and the lower flood pla in to 0.7 in and more on
the higher f lood p la in.

Permafrozen rocks are spread completely over the lower flood plain and their
thickness is about 100 in. On the high flood plain tabiks are developed under
the bodies of water , and in the part near the riverbed -- f r ost wh ich does not
flow together. The complex of factors for each element of the relief with
which the formation of frost conditions (ti, and ,~ ) is mainly connected is pre-
sented in the left part of Table 35.

Ca lculations were made of t~ and ~ under natura l condition s and during their
variation as a result of construction for the indicated initial data with the
above presented formulas. It is evident from Table 35 that one and the same
measure, for example, the laying out of a trench, on different element s of the
relief characterized by their own ground and moisture cond itions , leads to the
formation of different depths of thawing and rock temperatures.

To verify the correctness of the procedure of forecast calculations , on the
sections observatièns were made of the change of frost conditions in the pro-
cess of construction and operatit’~n of structures. In a comparison of the
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C h a t  or ~~. ;‘rL d i c t  ing C h a n ge  — f t i n  C h a r a c t er  i s t  ics of
erulL ,fr - ien R - - c k  Mo55e5

I n  the area  ‘f t h e  rn 1 ~i g at  i . . u i  i t  r u u u i f r o z e n  r ock masses th  g eo l o g ica l e-i~~~
g i n e e r i n g  c v a l t t a l i , . u u  of , n  j u : V L - ~ t igat d r e g i on  is d e t e r m i n e d  t o  a c o n s i d e r -
ab l e -  O L  grL i. by t he  fron t c. ’uudi t i - u s .  In  the  lam i n g ,  c o n s t r u c t  ion and  0; L r I  -

t i - n  of s t r u c t u r e s  and  in  the  roduc t  iv i. ot en i n g  nu of i i  ~~-r: i fr o s t  ne- k ion i t
i -i n~ ci. - o n o r y  t i  kn ow t h e  f r  st c~ nd i t  i l l u l s  r iot on 1~’ a t t In -  un o iu len t of t n -  i n v e -  ~ —

t igat ion but a lso the  characte- r of t h e i r  var  ia t ion d u r i n g  c r i r i s t r u c t  ion and
0 : c--ra t i - - t i . In t h .  I casi. t h e - -  f - i r e - c a s t  must  i n c l u d e ’  t h e -  characteristics of
change  if the areas of r - :  .iga t ion of or u n a f r o z c - n rocks  and  t a b et i s o l s  ( t a i i k ~,) ,
the  cond i t  I n u n  of t he ir  occur r e -  no. , the  S C a S i I I I a  1 f r e e z i n g  and  ~ensona 1 tinn ing

of rocks , the  te uu r, i . r a t u r c -  r eg ime , the- heat  cycles , c ryogen ic  t e x t u r e ’s and
st  r u c t u r  s , c om p o s i t io n  and  t h i c k n e s s , t i e  t’ie--rmo ica 1 and  -hys icomechan i-
cal ri - u . r t  in s  of f r o z e  - i , f r~- c-z ing and thawing grounds , ,iuid a iso cryogenic

r ’cesses and luen orn c ’n a. I de-- court t 1 , t i o n  of such i f ’ir c -c , i s t  mus t  be b a-,c- d
on t h e  s t u d y  of a r t  ic ul a r , genera l a n d  r e g i o n a l r e g u l a r  it les in the- forma t i on:
and di ve-i ’ .: m oul t of j-c’rmafrozen r ’-ck  i n a s — ,e s. I t  nru s t  bc t a k e n  i n t o  cons ider-
at i’-n t h t t h e  forma t i I i t l  a n d  dove- i t m e u i t  of ruii i f r I s - ze-n rocks is inse  r i b l y
conn ected  w i t h  the  d o -v o l - u rn - n t - i f  t h e  e a r t h ’s c r ust  i i i  th e  inve -.tigat ed ri.gion:

w i t h  geolog ic.  1 — - t r uct u r a  1 and  l it h  i l o g i c a l — f a c i a  I f~- a t i u re- -. , w i t h  the- g e - - i —
nor 1 h o 1 o~~ica I 0t r u c t u r e , t h e  I l e o t e - C t l l t l  i c -  and the  c har a c t e r  of t h c -  h ’ / d r I i g L

log i ca l s t r u c t u re s , , u u i d  a l s o  w i t h  the  c har a c t e r  of t h e  surface condit l I - i t s  a n d
r -- c e’ ses, rimari ly with climatic f ea t u r e ’s  and L i i i . -  c o n d i t  lori s of f reest  ing ‘f

1 e ru l , f r l lz i .  i i  r o c k  m a s s e s • Tha t c onn e ct  i n  is re-fl . c te ’d  ye -  ry  cr i mu 1. teiv in t ic

sch me- f r  c la s s  if  i ca t  ioa f tyt  c- s  -f e r m a f r o z e - u u  r ock masse s .  A c c o r d i n g  t o

L d , t classif icat ion , t i  C~~lit ; i Ic ’  ,i  f o r e c a s t  of t he  c h an g e -  - i f  f r o s t  co ;idit  ion5
( i i i  th seul :-,e of the  dynamics of f r - n i - u i  rock masses) in the ’  r - ’c e -  ss  of a
survi - ,‘ tin nec.. - - - -a ry  in fonna t ion abou t  t h e  

~ 
r inc 1:-a l C lass  if t e a t  ion s i gns

s ho u l d  be g a l 1 :. r d t - . g e t h e ’r .

1. ~-- r i n c  it Ic - s ~-f  t i .  C l a s s  it ica t j on i f  I’urmafrozeu R ..cks

I h o  g e n e - - t i c  c l - -s if i c , t l n n  If 1 crmafrnzc-n rocks mu~ t re -f led t h e -  o b j e c t i v e
r e g u lar  I t  ion  of t h e i r  forn ~i t i on  and de-’vc l o l i m e u i t .

I t  i s  kIl,Iw ,1 i n  , - r u u I , . f r l . s t  s t u d i e s  t h a t  the  c h a rac ter  of froze-n rock masses ~~:-

i t .  t • m i  t i e d  by a gengra:  Ii Ic c iur : lex of n at u r a l  Co n d lt  l o u i s  tv~in i f cs te d  in definite
g. - 1 ,11, r : ho 1’ ig Ic 1 are!  gt - log ic~ 1 — st r u c t u r a  I cond It 1 1 l u l - ~~ A s a f u n c t  ioa of such
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c. i n l i i n - i t  i- -i ; .i~~ t h e  cV nu :  l ex  if ut tu r l c . i n d i t  l o u t s , f r - i ,  : i  r Ick m , I s - ~ ..-s l v i .
t h e - i t - - -out h i  t r y  - f  di ve 1- n e  i t  , , i i d  Iii connec t j o u  w i t h  a s~ e c i f  ic — j t u , , t  ion
h ay ,  gb’ . n i u . l i t , - t  1Vi -  ~nd i d l . I : i t  i t , i t j v ’  r . i c t e rj - r i c - 5 . l i t  connec t jolt n i t h
t hat  it is d v i - 5a b l . .  to  c l a s s i f - ’ m t -  t hi e e  lit i l l  g roU :~~S t h e  c u l t  i r e -  v ar  ic - -I -,’ of

o s s i hl ,  c l a s si  i - u - t i - - u i  c h a r - d c-r i ~t i C -  s0m~ how -i  - - t i o n m  dete rm iriin~- t o  d i - - —
t in o t  ly e  f e a t u r e s - -f Ln  f - r r n , t i o l l  , .nd d. ~‘ e U i ;  i t ; -  ult i f  i - m i n t r - ’z e - n  r ock  ui j , I - s e s :
I —— goolog ic~~1— t ’ Ct  i n i c  m e - d i n u : i  . j u d  a ge - r ’  h i l i W ica l sj t u i i t j o lt , t -  w h i c h  the--
rocks -f  .i defini t e - C -in - it , i t  i - -  nd ‘n ’  c ’ - r r -  1 ond ; I I  —— d i s t i n c t i v e  f . . at u r e - s
-f h e - i t  tt~~:it.l er i i ,  c a n e-c t  i - - n  u -it ’: gi n l o g i c . I and  ge g rap h i c  cr i i t d i l  i ’ - u u s  a n d

I i i  — —  d i s t i u c t  iv . .  fe ,itu res -if t he  f m -  t e l l  r -ck  rna ’-;so- s 1 1 1 c m 5 .  lv . : : , w i t h  a l l  t h e
c h , - r . n t e r i s ti c s  i n t r i : ; . i c  I - t h e n .

s ich  if  I d - - -.. - g r - - i l :  s t i t l i st  include a l~~r~’ e u t u m b e r  I f  c h , .r , . c t e r i - ; t ic s .  i t  i s
d v i  i d l e  t - - . x , n u i : i e -  , v i d ,  1 1 ’ , o n l y  t h~. m - - - -t signific ant of t h ; e ; i i  ~~id L h -  c

w h i c h  h iv e-  1.. c :  t s t u d i e d  ,utd j r .  mos t  r -  i d i l y  1 I n ~~e-d w i t h  t n  ch r , . c t i -r
- -f t i e :rozen r.-ck masse-I; t h e m - ,. ly e-i-,.

1. C lass if icat i ’ll Si gns at S u b d i v is  i-  - : i  of 1 m ien  Rock ~L~sse-s
A ccord ing to  G e - o l - g ica I an d  C e ’- - g r - ’ 1  h i c  Conditions

I • I h e  - - u b d i v i s  i - u i of f r o z e n  rock  m a sse - s  co r d i n g  to th~ m i n e  i t  a 1 g eo l og i ca l~
s t r u c t u r a l e l e m e n t s  of t h e  i , .r t  Ii ’s cr u s t  • I t  is kn- ,wut tha t the dive 110 m e - u t ‘it

r o c k ; , i n c l u d i n g  t h e  e-r ina f roz cn , i - - inse’: - r i b l y  o ’ ’ u t u c ’cted w i t h  t h e - -  de-ve’ 1 1 ;  mo :~ t
h f  t h e  - - a r i ,i- i ’s c r u - ,t .  I n  tha t c s . .  a s~ e - ci~’I  r o l e  is i l Yod by neo tec ton ic

r -cesses , w h i c h  a re  c - - i l l :  , i r , I b l e  in t ime- w i t h  the ’  f or n ~~t ion h f  f r - zen roc k mass-
es and w h i c h  d e t e r m i n e d  the  c har a c t er  if unc i u i - ,oI i d a tod  f o r ma t i o n s  a n d  the
r Inc i 1 a l  fea t u re s  of t h e -  c,intem 1 or a r y  r e - I  ic- f . I h e r e f i r e  it ls a d v i s a b l e -  t i

d i  - u  ing l i  i - ~ii  1 h r .  - e - - 1 y~ ..-s of fr - - i c - t i  r-  ok m a sse s , c - - u t c . - n t r a t o d  in t h e  con Ic-rn ; - -r ~i r y
s t r u c t u r a l f o r m s  of the- c- r U t ’s c rus t , w h i c h  a r e  c har a c t e r i z c - d  by a dc- f u t i l e
ty 1 i ’t n, l i t  oc t  i i t  ~~d dc -y e -  10; me it (S iko  1 ty e v  , 1 9e-n?

a )  f roz en  r ick ma sses  of i l a t fo r m  re-g i l l s  w i t h  we ak  rna r ij f e s t ~,t  i ’u i  of n e ( .t ec -
t o . l iC s. I heso reg j o u l s  are d i v i d e d  i nt l con t  iu ie - uI L , , 1 a n d  I l l  - Se  a r r a n g e d  w i t h i n
‘1.o limit 0 f t i l e  c o n t i n e n t,  I she l f  of t i t i -  I c e - sn .  A c c or d i n g  t o  t h e  di r e c t  i v i t y
of t h e  ne- i t oc t on i c  m o vem en t s  re--g i n s  are d i s t i u t g u  I s l ;e d  ii i  which u1 Lhrusts have

1 rod- - i n i u a t e d  and r eg i o n s  with i:i wh o- V c -- 1 inu l i ts  subs i d e  ide- s (: lo t  e s )  h iv e  ~ la ye’d
an i mj I i r t a n t  role ;

b) f r o ze ’n  r - - c k  u~i s s e - s  I f  ri g i -u -
~ of d l l n t  iuie-nL.1 i i i  - c i ; ; t a  in bu i  l d i u t g . lii  i n t c ’ n —

S i t y  of t he  -r -c e-sues - if mount, in h a l  ld ing I t ; -  ise r e- g I i r e  d i v i d e d  j i lt  0 re —
g i i u ~~. w i t h  w i k  m an if ,le- ’stu ti ’-u l of u u t , - a o t , i ii building i r - C o s s e n , re g i o n s  I , f
mounta  in b u i l d i n g  of mo de - - ra t , - j i l t . .  u s  i t  y and ru g  I - u u ~. w i t  Ii \ ., 10! j i l t  i - l i ~ i v .  l i l n U i t —
t a m  b u i l d i n g  r - ’ce - s s e s ;

c)  f r o z e n  r,lck of reg i o n  of c , - , i t e - u , r  - - m a r ’ ,’ ge - -n : v t i cj  j ne ; ,~ M i u - e- d.. t i  i l e - d sub—
d ivis l.iuu, ‘if the  c l a s s it  i c a t i i n  c h a r i c t e - r i  - t i c s  w i t h  r e ; :  c-ct t i  g e o l o g i c a l —
s t r u c t u r a l and n e o t e c t on i c  I t u r e - : .  if ~u I . .  m u -  i t . i r y  c , i u i  he  i d :  t e -  d in  ~ c c - ’ r —
dance -- w i t h  the  exi t i n g  c l . i s t , i t  i c a t i c ij i  I f N . N . S i k o l , i y . . v ( I - t b ,’) .

.1 • The enumc’ra ted s t r u clu r i 1 f . ’ r u u i : -  nd t h 0  c l i u r a c t  1 of t h e i r  d i v e -  lot .  t e at
de te rmine  to a c o n s i d e r a b le  degree ’  t i l e  d U t  i i tc t  iv,. I c-at ti re- s of t h e  gc-omnr 1 i l l —
l ng i c ;i  1 en -  d i i  l o u t s  i n  which the forma t~ ion it fr - t i - u i  rock in , 5, . s - cours. ()o
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U t.  ! , , i s i s  -f 1 ’ -  it cb r ( c t , r i - - t i c it is , dv js0hl , to c l a s s i fy  fr-’zen rIcks

. . c c - - r d i n g  ~~- a re- i i - f  w i t h  th . -  g e - u i -r i I t v t  e~ if  geo lo g ica l - - t r u c t u r e ’ s in to
thre e- - gr °t i :  s

.1 1 , - r r n a f r o z , - u i  rock  masses  w i t h  in  t 1 ie l i m i t s  if ac c u mt i i at  ioa p la I n s ;
h i )  : i r ’le - f i- -nt .  ii r i C k  m a sse - s  w i t h  i i i  t n :  l i m i t s  of d e n u d a t i o n  I. .  I n s ;
c)  i r u u t t f r s z -n rock  un , i~~-~ec w i t h i n  the ’ l i m i t s  of m o u n t a i n s  and highl .~nds .

I t  is  a - t v I s , i le t - ’  m i k e  a mi re d e t u i l e d  s u b d i v i s i o n  of the  c l a s s i f i c a t i o n  -f
m mj f r - ’ z e n  r o ck  ma sse -s  on the - ’ f m l i — t — g e o m o r r - h o l o g i c a l r r i n c i ;  Ic out  t h e -  b a s i

of t ° - i i;  f f e m e - - i i c e -  i t t  fe - , ’ture s of the s t r u c t u r e  of t he  rel  ief , a n d  a l so  of th e -
d l r e c t i v i t - ,’ a n d  i : lt e n s i t v  of n e ot e ’c t on i c  movements  wh ich  s t l : u l , i t e d  t h e  m e j , i—
l,~r i t  i i  s if  th e fr-’,.- . h r  U; ‘wed -5 t .ite- .iri ’J t h e -  forma t ion of t h i c l — - i as s es  if

t r o t ,  r ook ma s s e s  • F i r  e - XV I i i i . le , : e~r r n , . f r o z , n  r o c k s  e ’ i t h i n  the l i m i t s  of  1i ;1

acc uriT;l,,t ion loins , re’lat ively st, bl- in  a t , - ct o a I c  re-s;~ -ct , w it h  a de e: r-  c~
h~ d i ng ( r  w i t  - . shallow r i ck b e d d i n g ) , e t c .

To  c l a r i fy  the-  in gu l. r it ie s in t h e  f~~r m , i cj o n i  I f  ft- -l/ e-ni r - c k  t h i c k n e s s -s ani
h e i r  s t r u c t u r e  , t he  forma t i - i  of the  temu-’-ra ture reg ime- a n d  t i e -  f r .  -‘t : ~‘‘ / ‘  i c i l 

- g i c a l (cr ’ i’og en  i c )  r o d e - s u e s  and forma t i l - i t s  I c c o l u u r t a n y i n g  t i -  it : , i t  is  a d —
v j s , ,h ~~e 1- - c l a s s  i f y  ‘ e - mm frozen rock masse- s furth er by t ’r: i . - - a n d  re  1 j e t  e- I. —

m en t s .  F- - i - e- x, rn ’ 1€ , r u i ii f z e n  r ooks  w i t h i n  r i v e r  bus i t s , er i n a f ro ,i . 1 r - - c -
sf ‘ t e e - ’ ;  nd g e - n t  Ic s b ;  c’s , et c.

t~x i s t i ng  geoatr.r: ‘i - ’ I ° g  ica 1, c la s s  if Ica t  ions  ( f o r  ex am:  Ic  , t l i t  of S . ; •

n i n a  . t a l  j I ) 5~~ ) can be used in c o n s t r u c t i n g  - , t a r t  i c u l ,j r  c l a s s  i f  j o t  i i i  f
, r r n i f m l z e n  m - - cks on the-  f r ” - - t  — g e i l ,u u om :  ho log i~ a I pr inc  i t  I . - .

3 . The c h a r a c te r  of t h e -  h y d r o ge - o l o g i c . .  I structure - along w i t h  , 1 i  r corn : - - :  - ot  s
‘if  t n  ge l i g ic , .l and g e - g r it h i c i l  c o n d i t i o n s  and w i t h  t n - - c e -  s se ’s of lt .i at  • N—

change determi un- the concrete f I rm  of intc-r ,,ct ion of t n  - ;u l s i i r f , i C e ’  v t ,
w i t h  the  f r o z e n  r I c k - 5 , whic h find s r e f l e c t i on  in th e -  r i : i C  1: .1 character 1st los
f f r o z e -  it r - ’c k  maSSe ’s.  I y : es of water-I re - s-Car .  s y - t e i l l — ’ 1. r i v e t by A .  ~l . fly-

c h l nn l k o v  (1960 ) cart be used  f o r  t h e c l - . s s i f  i c i t  ion of fm /en r icks  accor ~ l u g
t o l i ’I : l r l i g e a I l ( .g i c a l con d i tlo a s  • On t h a t  basis four tn- : es of f r  z e  i roc k m as s . . -  s
are distinguished:

, i )  f r  l / e - - u i  rock masses  of artesian h is ins of the ; I a t f l l r m  t v~ e - - ;

b)  f r  izen rock masses  of ar t . . ’sj~in l i l t e - r l t i l J t i t , .  i i i  i i ’. as au 1 i,’ Iu u ih) ul t t r o u g h — j
c)  f r o z e - u i  rock masses  of w a t e r - u  r e - - s s u r e  sy s t ems  of f i s s u r e  ~~~ c r5  of o l d

c r y st -  I I  inc  mass  i f s  -,,‘i t h o u t  u i e - . t ec t o ni c  de f o r m a t I lls (o r  c o mj - l  i c a t e -’d by
ru c o t e c t o n ic  movements  -m id f a u l t s ) ;

d )  f rozen  rock masse-S of j o i n t e d  has ins of s u b s u r f a c e  water- V - - f mount a  In
s t r u c t u r e s  w i t h o u t m a n i f e s t a t i o n  of young ma~~ n ot i sm  ( w i t h  m , i n i f e s t a t  ~I I ;
of young ma~~n a t I s m , w i t h  recent  v o l c an i c  act i v i t y ,  i t e ) .

The  m i n e r a l h a t  ion of subsu r f ace  wat e r s  has a g r e - a t  i’~f luence - ’ o~ t l ie- fIsrm,lt joti

of frozen rocks within the limit s of dist inguis h ed hydrogeo1ogIc~~l structures.
Th erefore-- it I-, advisable t” distinguish frozen ricks forming dur ing the - freez-
ing of w a t e r - b e a r i n g  h o r i z o n s  w i t h  f r e s h  w a t e r s  (a m i n er~i 1 i z a t ion ‘i f  u t  t o

1 ~ / 1 It ’e r ) , s a l t y  (1- 10 g / l i t e - r )  and s a l t i e r  w at e r s  (10-50 g / l i t e r )  and  b r i n e s

V 

(more t han  50 a/ l i t e r) .  ~-‘e - -rm a f r .zen rock masses  i r e - -  c la s s  if  led in gre ..t e r

218



- — -~~~~~~~-.--~~~~--

d e t a i l  ‘ ‘i t the- b a s i s  -f t h e -  m a i n  et i i-, t i u i c t i v e -  f . - , t u r c : s  ‘‘f  t h  i i -  i n ter a c t  i - in
w i t h  different t - ’ : .- s  of , i i , -, u r f , i c e w i t ’  r s  ‘f the- f r - ,’ ’n  z ’ - u u e  (R - - u u u . i u i - - v )~ i ,’ ,
i° 7 2)  m d  t h e -  m a i n  r e a s o n s  f o r  t h e- f o m u u i a t j o n  of i - d . e - t  i - i s  (~~, e -  1 ’ m b l~ —~~).

~~. Ir - -~~t eui r ac k ifl , is~~c’ - 5 ,1e suhdivid . - d ~‘t t  t i e -  has i - I f  g e - u :  S i s , C iii : o s it  ion  aitd
i~~ i i n  , C C ll r d , I u t C e  c - i t h  g . - n : r ~i l i i  m c c c :  t i  d g e o l o g i c , i 1  cl, s s i fio ~ t ions. It l , l S c ,
i - . , m d v i s , , b l e  t -  c l a s s i fy  u n c ’in s ’ ’I  j d , , t -d s . di m en t a r y  i r ’ ’ z e  n r o ck s l I t  t h e -  C e - u n —
t i c  out t h e  b a s i s  ‘f the -  I i th o  bog i c ’  1 ~~~ ~e- to w h i c h  t i v he- l o n g .  On ‘ 5.  br —
s i - s  - i f  11 th - - lo g ica 1 c I t  r , i c  t e - m  i-tics rn  f r ,., n r ocks  C l i i  he - , ; h j i J  i’, id d in

I i  t i i i  on t n -  has 16 of  t h e -  cor r e sp on d i n g  ge- i I og i d - i  I o r g  i .e-er ing  c l a s s  if ic~i t  U - u s •

I i . Cl.’sslfica t i -t n t Clu ,.m ,.cti m i V ,t  ics f I r  tht i  S u b d i v i s i o n  - I f  F r o z e - u t  R i ck

~‘Li 55e-~~ iCC t i d i n g  to t h e -  C h a r - ct  e - r  - i f  t i l e - Iii - i t  T r , i u t - ; f e i ’

iif gr . at 11:1: lirtance in t h e -  f o r mat i o n  - f  frozen rock u u i , I S S e  s is t h ~ t - - t , . l , mount
- -f a li o -rh ed s h o r t w a v e -  solar rodiat ion irnu inging on the u - ,rth ‘s ~, u rf , , c e , a n d
a Iso I it s t r u c t u r e  of the r a d i a l  ion ba lance of the ground . T h e  cnnn Ct  log
lin k 5 h- twe:en the r od iat  i on -hea t ba l ance - -  and the-run,, 1 r o Oe SSe-: ;  in t he -  s o i l  a r e
the effective - rod j o t  I n t l  and  the -  h i e , . t  c yc l e s  of t h e  soil . In  I i i ’  -s t ru c tu r e
of t h e -  mad h-i t i o n — h e a t S.- . lance the u -lac e of t hose  1 t o  c h . . m - c te r  i t  ics  i e ssen . .
t i .  11’,’ d i f f e r e n t  a t  d i f f e r e n t  b , . t j t u d c - s and  is d e t e r m i n e d  t I  a g re -a t  x t e n tt

as a f inction , l f  the- c o i t t i u u ,  u i t , i l  c l i m a t e; (se -c  Ch, 1 t e r  .~~) .  In  co n n e c t i o n  w i t
t5~~t i t  is adv i s a b l e  t - -  d i s t i u t g u i s h  the -  f o l l o w i n g  tort c-s of f r o z e n  r - l c k  r n i s - 5 c s:

• On t h e  h as  i - ‘if ge.igra: It ic Lit i t u d e  one can d i - ~t ingu i - ; l t  t ’ l ,  s - - u t b t e  m n , m i d —
d I e -  and u r t h e r u i  ty t  en ‘i f  f r o z e n  rock masses , c h a r a c t e r  it e d  by  a def  i :  i t  e- range
of ui -Ju ts l-,f ,‘ b- ,orb ed so l a r  r o d  Lit  j on i  an d  e- ff C I  ive r d  i t  ion.

On t h e  b a s i - , of a c o n t i n e n t a l c l i m a t e -  it i 5 uIe C es - ..ir! t’. di tinguish the-
t’r c-s of f r o z e - :  rock mi sses characteristic of ,, ir u , , r i t  ime ( w i t  an  air t u r n  e r —
lu r e - rn : l i t u d e  of u ; to 11~~) , c n n t i ul , l i t  I (with: an t i :  I i t i i d e  a 01 I I  1° ~~~~) nd
extr . ri l v  coot i u en t~i I c l i m a te  (w i t h  an  j ørj l i t u d e -  la r ,, ..:r t h a n  1 7

I h
)~ Each  of

U a-,. I - r i  c-~ of f r o z e n  rock masses his its lvii ~~, I u l e -j~~t j I l t s  I f  -rm ..t i i i  of t h e
t erui t  ‘ r .,tur e-  meg iii. of rI,cks.

3 . On t h e -  b a s i - . ot 1:1, ,m verage an n u a l  te -n i ;  e- r , , t u m  - of m i l c L  it is a d v i 5 a b l e
t -  d i v i d e -  f r o n t  ii  rock masses  i n t o  f i v e -  ~ s t - t e r n :  - r . . t u m e -  zon . . -s , each -‘f w h i c h
is  cha rac te r  ized by a de’f m it e -  qua l i l t ive ’ conri lex - I f  f r -c t co n d i t  i oi ls t h e
f i r s t  zone w i t h  i V c r . i g e  ailnUa I t e n t :  or ~m t u r e - s  of r of f r o m  0 to  — I ’ 

, t i c
second , —— f r o m  — 1  t -  - - 3  , t i e -  t h i r d  —— f r o m  — 3 1 , _ 50~ the- fourt it -— f r o m  — 5

- - — 10 
‘
, and the  f i f t h - —  be low - l ( )

0

. I ) . . - ;  -end i u g  on Ui .  charact  e m  of the  c h a n g e -
of thc- ma in colmu i c - x e - s  of s u r f a c e -  c on d i t  l ( ( n S  wh ich  r e g u l a r l y  f or m  U ’ . a ve r . ge-
annu ~i I t o n i -e r  lu r e  V h f  the  rocks  w i t h  in t h e -  l i m i t s  of t’ n di  -a. lu i gu  i shed g e n —
tHo r ; h o i n g l c a l e 1 e - - r n e - i t t s, t I l e -  t n - i u n u  r , , l u r . -  gr .m d ,mtiI.ui- can ii .  sm.m1 i c r . Fr- ti exam—
i - i c , in the  second zone temperatures  of -1 t . -  - . c,.n he d i s t  iu t g u i s h e d  as
sufficiently dynamic fo r  the op ening u 1 of t e r r i tl  r - ’ ;  t he  f l , u r t h  and  f i f t h
zones can be given in g r a d a t i l . i u ’ , f rom -5  I I I  _ 7  

, f r o m  - 7  t o  - 14 , f rom ~9 to
- I l  and  be low - I l  , which  is c h a ra c t e r  1sf Ic ‘if  t i t e  co a s t s  of a r c t i c  seas and
corresponds to certa  in ge-n log ica I - s t r u c t u r a l cond It inns  (Kondra t ‘yeva it  a 1 ,
1972) .
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i ) ~~ t h e  !e t s i  - if  t h ,  leuugtIi ‘i f  t h h  e - m i - - ’ t  i f  t u tu e - I V I t U i O  f l u c t ’ ; , i t  i - i n , - I ;

t he -  - a r f . ’c e  of t h e -  g r l - t i n d  t h e -  f l l l l o W i t , ~~ gr i I , i t  i o n s  of f r i i ~~c ; t  r ick i;a - ; e -~ tic-

d i  st ingu i s h e d :

~ ) r - - c k  m a s s e s i ;  t : c  tm s te - i l  s t a t e -  d a m i u : g  t h e  C ’ ’ i t t e m ; I l m , I r ’ ,’ , r i o d  (~~~~~~ , ) .  it

i s a d v i - . , , h , l e .  t I  d i s t in g u i~~h l u l l I - : ; ~~ th e iui -.h - - r t - ;  er ie - id fr ,‘ - u i  r I c k  t H o u --

; . - V e  e -x i~~t e - I  in  t h e -  f r h i e - n  st a t e  f r  t e - : i -  ‘i f  ‘ f e - i r s , n i i e d i t u u i — . e -m i 15 —— j 

d r e  il ~~- Of “c o t i s , and  l ’ ’ u i g — :  e n d  —— f I r  t ’ . iUs , .: ,cl .s of / e I t i  ~~

b )  u -ck  i ik i s e- s w h i c t i  h o v e  b e- - c u t  I l l  t h e  f r i / o u t  s ta t e -  S l t t C e  t~~: er c u . . t e r : m y
li ne -  (° -

c I s 10Cc M i d d l e -  - ~u~i Ic r u , r . ’ m ute  11
d I s i n c e  L o r e - i ’  1 iaa t e  r u i a r ’ ,’ t i n e- ( 

~ 
) ;

e ) s i u t c e  : me — - 1 u at eu - ti.. ry t iune - .

t h e  b a s is  of c I I i - r e - l , it  i i i  ~-f t h e -  a v e r a g e -  onnu ’a l  ( t )  one ! e x t r e m e  (t  
- 

, 
-

a u id I ) tU tu  e- r , I  lu r e -  - ‘f n i c k  , t h r e e  g ra d a t  lout s  - -~~ f u ~ l ~ eli  ri - c L u ;,,s s e - S  C I a
max . - . 

~
- ( - -he - d i r t  i n g u i ’ I t e  c i :  ) when I - -3 ; b j  e - h e - n  I 

- 
I ;  an d c ) i. ;en t

i f l . iX  t ;  m i t0 a n d  t — . 0.
m

in  t 1 e- I ir ~~t C ase  • : er u l h i  froze - n rock  n a - n e  s dur  j u g  the  c i t  i r e -  e u od - l f  t e - r n —

er . . t u r e  f 1u c tu ~i t  ions  I l o w  t - -ge t h i  r , b u t  t h e - - j r  Inc- e r  s u r ~~ace-, I a  e - i ’ i h i d l C , i l l , ’
s h i t  t . d  a nd t n  i r  t h i c k n e s s e s  -, - r v . I n  the- -eci , t td case the f i ’ - - t e - - : t r ok  i i h 1 - i s

r i - -a ica 11- i  t m ’  e- / c-s and  t I - vs bu t  f r - -rn a li i l \ ’ e- a ui d u Si b e - I . ; , ,- , and in - I

e r I - -cia .if t l i i i .  e it I t .  i : , - -ncon f  lu e  n i t  - -r 1 /c-re ci fr - i - t f I - ru n  1 l i e -  cc :~~I r - 1 a r t
-t  t u ~ . f r s t e n  r - - c ~ ma s s  in t h . - t  Cast i x i  Is f --r t a  ,-nt ire i n - - I . In t h e -

t h ird case -- , da r i u ~~r , a l a r g e - -  tart i f  t h e -  ; c t - i - i d  I - f fiu ctu ,it jail I l f t e - n l :  e - i - 0 ’ u r e -
.~~~ U.. ai r: ce - - I  1 .  , - r - ’ o i d  t h e r e -  is n . f r o z e - u i  r - - c k  iu t ,c,- - . i t  a:  c - I r 5

i c . ’I  1 ’  - : i l y  in  t h e -  “c - - l i ” t a r t if  t tm ie ir i ,l d .

l ) ~~ t i l e - - b a s i s  -f t i e  .~u~ ul t it ’J o f  ~ i - e -  h e a t  f l u x  i r - ’ ,u i be- I , t o w a r d  t h e  h o se -
of t h e  I : 0 / e - i i  r - - c k  t t i a :, —, e - - -.,  i t  is ,,e-l’~- i- - ,i 1~l. I , ’  d i , t  ingu i -dt t h~’. e - - : r, i da t  i o ns  i f

f r ’ ’ ze  it i c - k  m a s s e -  a )  with 0 : 1 f l 1 h  I I , b )  m e d i a n , a nd  C )  l a r k -  t i e - a t  f l u x , c r —
re - - :51 one-I i ng  to  t h e  ge I -t h er rn . i 1 g r a d  1. i t  S I l l  f r  ‘iui 0 t i  1 .05 , fr .’uiu 0. W t - - - .
and i ; i .  - r e  t h a n  i i  • 1-. d ’ g r e -  e- /m ~ t a C u e - f t  ic i e i l l  i f  t t i er u u i , i  1 conduct i ‘.‘ it y I f

S ke . i / ( r n ) ( ’ i r ) ( d e ’g r e - e  ). I u t .  u Ui -- ,e C 1 4 t i c l i t  iOiiS t h e  h e a t  flux e :. are ci , t e r nu i i ’me d
as f’ -ll ’’ws : fr--u :; 0 I - b  250 kc . I / ( y r ) ( n i ’ ), I t i  l u l l  250 I i -  500 and  u l t , i r e  lIaa -, 500
kca l ’(yr )(uil ’ ), T h e  us e - m a t  - - i  t h e -  l i e - I f l u x  f r . ’rn  t h e -  de ;  t h , 5 r’f t h ~ c u t s  i ,
e- x; tie - - - e d  h I V e -  , i l I i :  th .  t h i c k : 1 ses - c i  t h e -  i r ” z e n  rih ck tulassos , l i i  t h e -  i n
d y n am i c s , and  ~i 1  ~l ‘~~~i t h e  r a t e  of f r .  en i u u g  or t h a w i ng ,  w h i c h  i i i  t a r n  de - t e - ’r—
j u l i a  - - t i e -  d i s t r i b u t i o n  - - I  t h e  m c ’  c , ’n t .  i f - - I  t h e  f r - / _ c - u i  r i ck L i S S e ~ and  t h ~~ir
cr y ( ’gcn Li t e x t  ; i m e -  a.

7 . On t h t e - -  b a s i s  I l l  t i ”  ice  c o n i c  I t  - - 1  t h e -  l u - - i . e - i l  r ick  l l i , , s S e s  and  t h e  c h o r e  —

su e - . n d i u m g  m e n n i , I l  t i e - a l  cyc l e- : l i t  n- - - c k s  it  Is a d v i s a b l e -  I i ’  d i 5t j i i g u i s h i  t h e
f e - i l  i - - w i n g  t h r e e  g r a d o t  i - - i t  - :

S i t )
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t o i l  ~~~~~ m,, si s w i t h - - a t  i u t c l u : 1 1 ’ - u i : -  of i c e - -  ( f m - - , I ) , w i t h  m i n i m a l h e - ra t
cy c l e - : , , c i i u i : u e c t e d  w i t l ;  - ‘ u i l ’ , l u t e  e a t  c’h ~i c i t y  ( w i t h - - n t  h o se  tran sit i o :n , ) ;

I f t  ‘ c a r o ck  ma s - -ie - s w i t h  l i t t l e - ice , w i t h  a mon o l i th ic c r y - ge- it  ic t e x t U r e
(w i t : , ,  m - - i - -,t ure - c ’ - u i t i ui t n ot  gre- ,I ’c i  r t h a n  the t l l t , , l  m o i s t u r e -  c,i; ~ic ity) , wit h
he- ut Ca: ic i t  l es  of j u -a d j UtH v. lue  , f - - m n  i ng  ma int l y ‘in a ccout;t - - I  t h e  he  at ca: a —

Ci t’ I - f  t n  r -  ck s  and  t a r t  i , u l l ’j  ‘in ac co u n t  of :-h asc-  t r a n s i t  i - - a s  l I f  t h e -  w a t e r ;

c ) f n u ’zen r i c k  mosses  w i th  l a r ge  ‘m ou n t s  - i f  ice , w i t h  ice I~i ’i’ - rs aod l c , i ; e;
( t t i  5io i s t - i  O’i ,lt~r ’tt - .5 w1i ich is  g r e -  . it  r t i t a n  t h e -  to t 1,  1 m - i i s t e l t e -  c l n , J c i t  y ) ,

-~ i t i - , I i r g -  h i t  c , ’c b e s  w h i c h  f irm .111 l i l ly  00 a c c o u n t  o f f  hos e t m , i u t s i t  10.13 1 1ff

wote ’ and o,t l ’y . m t i i l l ’ .’ on a c c l l i un l  l ( j  t h _ ~ h - i t  C i i  i~~c i t y  of t h m 1 l C h ; 5 .

m I t _ -ic g r u d a t i o t ,. m u k,, it  - o s ; i b l e -  t o  c l ; r i c t e r i , s _ tisc - D a ly  t h e -  t e a t  C y c l e - a -
b ’m~ i i - .’ t h e  c iii: os i t  l i l t  au f  L h ’  f r i - t e n  r -cl - s t H a s se s , th~~i r  g a l e - s is , and  t~ t ?

co ,t’J i t  in n ~ - - 5 f m . - it ing , a~~d ~ i l l  i_ y e - i  m d  ir e c- t l y  c’i , i ra c tei r i c e -  t l i ,~ h i s to r y  r

i - n  of t h e - -  t m - / c - I  n iC k  .uI, l - 5 e3 .  I t  is o b v i o ,i .~ that Ui i sc-  g r i d a t i b l i s

w i l l  m e - 1 , t -  o ,u l ’ ,’ t - -  c-u i gc -ne t  Li f r i / _ a t  r o c k  ‘f losses.  Sy n g  ~u et i C  n -cL t H 0 S5 e - s ,
e- v i : l e  i t  l v , c , .u t  d i f f e r  ru~ l a b - . i t t  Us t , i t a I  ice co ;it s ’t c w ith C U L l S  ider a t i - l i t  I a .

th~n h i s t o ry  “5 rh~~ir f - - m t  j ’-un ‘ t i  ~h n  d v u i . im ics  of t i i c i r  f r e  ~ it j ’lg ( se-C se- c —
I iri ni 3 of t 5 mc e- i l l  chit j t 0 r ) .  h a r d  f ra c t u r e d  r l I c k s  f r e - _ i t  lu g c-s i g c t s a t  i c - i l l  l y
sh’’a l d be- c l a s s i f ie d  w i t ;  C , , t ; j d e r , , t j u i l ‘.5 t h~ f i l l i ng  - - f  S i7surcs - / i t - :  i :~~~.
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g li -i t’te f ’ t r n u i  t ~- 01 Of t l l0 f m  i / _ c  1 r o ck  ma s se s , t h e  following Ui ‘ee gr ~i O at  lots

sh i l e - i l d  ha c i a .  i n g u i - - - h e d :

a )  S r -i . e-n  r ick  m~t s se s  w i t h  -~~ l i ve -ct  ive hr ,it t m , :i ; ff e r ‘Itt 0 0- o i a .  115 t h -. c ir- ’
cu lo t j o t  of t h e  w a t e r s  above-  th a i  f r  -

b 3 f r o z e - u i  ti u c k  nu . . i - .se -  - - w i th i i i  ty~~,
’e -m : I c  ci ;,~ r ad  w i t h  cn :i  . e -Ct  i ve -  he  .1 e\c ’t - :igc

‘‘ i i  t , ,  I l k  i ’ e-

c )  f rozen  r -  -c -k  tu i , , ssc  ; wi t l i  C’ l i v e - c t  l y e -  h s . m t  t r~~nsf e-r  out  U t  ir lo.s r surf- ce

‘‘ t i  a c c o u n t  ‘.1 t h , - c i r c - j I , i t i , i n  of w’ i t e - m : ;  b e - i - - v  t h .  f r - i : , t .

The - m t  lue-ri ce u i f  c - - t l v c c t  i v,  hea t e - x c h , i u u g -  0 ,1 oc,C .iun t  ‘i f isa t e r s  be -  l w ’  t h e -  fr -

i - d t s  : :t i i : i ui by the  de- ’~ ‘_ h  of th e - lr occ - m r m e - - n C e -  a n i  t h e  cIi,o ’.i c - t_ -r il j th - . c i r —
c ul at  i - i . A very great influc’itc ’s i ui ite-d wh~-n th~ ,u l) - ,e - irf i c _ - w , , t e -r s  c- :ito:t

fr ’ i . e n  r i C k  in .sse a w i t h  l i l t ’ a ’ i ; l V e -  c i rcu i, , t i u i ui . l~ i l l  I i i - C i ’ c , I SC  a t  tli c- 11e- : I t t  l l [

su h u - .ur f ,uce-  w i l e  rs  f r om  t h e -  I l l ~5e r s l i t i l  .ice-- ’ - ~ fr .tc-il rock ma -;se’- , ,  , u i j  s- it  it l i t —
c r c , i s e -  of th~ in  v e l o c i ty  t h e -  w- i r lu l iu lg  i t t  l u e n c e -  f t h e -  - -u t i .t t m r f . u c e -  w i t  e m s  d i i u i i t , —
i l - _ i l .  5.

d)  fr o z e o  r Ick masse ’.; w i t h  C - l i v e - C t  I Ve  hia t tr .insfe- r on acce-iunt --I t’ :~ c i r —
cu lot j u n  if  a in masses through t he -  c r a c k s  , in - 1  k u r s t  cay i t  j e -  • I n c  In tL -e l  i i i
t n ,  t o r u u i e -r  

~ Yh i r e - -  f r o z e - u t  rock ‘flosses nd ice of C a V e - - u , t I t ~ f o r u u i ~~t i i~ ~~~
WIi i -v  t involves  t t i ,  f low - i f  c-4d  ~~i u1t er a ir Into civ j t  ic -s  ‘if Lii  ~ , u r th ‘s c r u s t
‘j’i’Lr Cu (.lh Il t j l u l , of  blue ! r e - - i  ~jr , ,‘ccl iatige • 

1:r -u , , e-~ 1 r a ck - 1 h t ~ I l l  u t  t ’,~: s i r e -  I l f

tea l wida -,~ re - i i d In var  iuua .. m i n - r  s i r k  j u g s  both in and o its ide a re -  g 1011 I i i t e - t  —
rn,m fr b ,t .
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The circu lation of air masses is a p henomenon f a i r l y  widespr ead In rocks
com 1n o s in g  denudat ion  p l a i n s  wi th  a t h i n  and coarse unconso l ida ted  cover.  The
a i r  c i r c u l a t i o n  occurs In the zone of a e r a t i o n  and Is d i rec t ly  connected wi th
with atmospheric pressure fluctuations and the regime of the ground water
level .  Frozen rocks of tha t type are characterized by great d yaamiclty.

I I I . C l a s s i f i c a t i o n  Cha rac t e r i s t i c s  for  the Subd iv i s ion  of Frozen Rock
Masses According to Distinctive Features of their Propagation ,
Occurrence and M ain  C h a r a c t e r i s t i c s

l~ On the basis  of the charac te r  of their distribution , frozen rock masses
are subdivided into the following varieties;

a) frozen rock masses with a continuous distr ibution in which through t a l ik s
are developed on ly  under large rivers and lakes and on sections of discharge
of waters  under f ros t;

b) frozen rock masses with an interrupted distr ibution with islands of thawed
rocks , the formation of which can be caused both by the warming influence of
surface waters and by other distinctive features of heat exchange on the sur-
face of the ground. The frozen rocks occupy more than 50% of the area ;

c) frozen rock masses with a continuous distribution , representing large
blocks , developed on a genera l background of thawed or unthawed deposits. The
area occupied by the frozen rocks amounts to less than 50%;

d) frozen rock masses with an island-like distribution, developed locally.
Their formation or preservation is possible when the-re is a combination of a
number of favorable factors and conditions. In area they occupy’ not more
a few percentage points.

2. On the basis of the character of their structure frozen rock masses can
be divided (vertically) into:

a) continuous frozen rock masses without thawed layers;
b) layered frozen rock masses, where in the profile one observes an alterna-

tion of permafrozen rocks and thawed layers or bodies of a different form,

3. on the basis of the interaction of a frozen rock mass with a layer of
seasona l thawing and freezing the following are distinguished:

a) confluent frozen rock masses in which the layer of seasona l thawing is
the roof of the latter ;
b) nonconfluent, where between the base of the layer of seasona l freezing
and the upper surface of the permafrozen rock mass remains a thawed layer
which is preserved in the course of the winter ;

4, On the basis of genesis, permafrozen rock masses are divided into:

a )  the epigenetic , tha t is, those which froze a f t e r  the accu nLilat ion and ep i-
genes is of rocks ;
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b )  the  syngene t ic , tha t is , those which  a c c um ul a t e d  and f r oz e  in the  geo-
logica l sense s i m u l t a n eo u s l y .  Syri gene~~ic f r o z e - u i  rocks in c o mp o si t i o n  and
age ,lre unconsolidated Quaternary deposits;

c) t - lly ~ enetic , that is , in the character of the f r e e z i n g  h a v i n g  a two- level ,
and more rarely a multilevel , structure. The lower leve l of two-level rock
mas ses is f ormed of ep igenetic frozen rock masses, and the upper , of syngenetic.

5. On the basis of cryogenic structure (the cryogenic textures of the rocks )
frozen rock “asses are divided into:

a )  ep i ge - -iie --t Ic , having inherited (according to A . I. PI5 Iw) cryogenic textures
in which the  spa tia l differentiation of the ice inclusions is caused by the
initia l fracturing, porosity or cavernosity of the rocks. Among them one can
dist inguish cryogenic textures: inherited pr imary textures in which the ice
volume does not exceed the volume of open ; o ro s l t y  (or f r a c t u r i n g ) of the rock
before  i ts  f r e e z i n g , and inher i ted  expanded textures , tha t is , those in wh ich
the volume of the  ice inc lus ions  is grea te r  than the volume of the open poro-
s i t y  (or f r a c t u r i n g )  which occurred before  the s t a r t  of f r e e z i n g  of the rocks.
In h e r i t e d  cryogenic  textures are encountered in so l id  and  s e m i - s o l id  rocks ;

b ) ep igenet ic , having mi g ra t l ona l - s eg rega t i onal or conge la t iona l cry ogenic
textures .  m i  such f rozen  rocks the mois ture  in the process of f reez ing could
migrate or freeze in cavities , creating a spatia l disposition of ice which
could not corresp ond to the i n i t i a l conTposit ion of the rock. Included in rocks
having tha t type of cryogenic textures are loose rocks (Quaternary and pre-
Quaternary deposits) and also a poi’tion of the semi-solid weathered rocks;

c) syngenetic frozen rocks having cryogenic textures which arise as a result
of redistribution of moisture In the s e a s o n a l l y  thawed layer dur ing i t s  freez-
ing. A large portion of the cryoge-nic textures of syngenetic frozen deposits
is created thanks  to f reez ing  of the s e a s o n a l l y  thawed layer  from below and
transition of the lower part of the latter into the permafros t  s t a t e .  In con-
nection with tha t the ice content by volume of the deposits usually exceeds
their téta l moisture capacity in that state;

d) ep igenetic and syngenetic frozen rock masses with large ice accumulations
in the f orm of syngenetic and ep igenetic mu ltiple-vein Ice, injection ice ,
hydrolaccoliths , cave ice and buried finn basins  and glaciers.

6. On the basis of structure and composition , permafrozen rock masses are
divided into those:

a )  ha v ing a single-leve l structure, that is, composed completely from roof
to base of either loose or solid rocks;

b) having a two-leve l structure , tha t is, composed in the upper part of loose
and in the bottom of solid or semi-solid permafrozen rocks. Within the l Imits
of loose frozen rock masses syngenetic and epigenetic freezing of the deposit
can be d i s t i n g u i s h e d .
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7. On the b a s i s  of the number of fre- os Ing cyc l e - - s , porma fn ’ize-ut r I cks  a r e  di  -
vided into:

a) those which have f rozen  once , tha t is , those  which  have e x i s t e d  c ’ - nt i n u -
ousl y in t he  p e r m af r o z e n  s t a t e  f rom the  s ta r t  of t h e - I n  f r e e z i n g  to the  ~r e se nt ;

b) those which have f rozen  and thawed r e p e a t e d l y ,  tha t is , tho se  which  s ince
t h e -- s t a r t  of t h e i r  p e r e n n i a l  fre -e -’z ing to the j r esent  have f ro z e n  at  l e a s t
and thawed once e i t h e r  comp l e t e l y  or f rom above or f rom be l ow.

8. On the bas i s  of t h i ckness  of the f r o z e - i t  rock masses , dep ending  on t h e i r
comp os i t ion , other conditions being equa l , the following four gradations can
be d i s t i n gu i s h e d :

a )  f rozen  rock masses of l i m i t i n g  t h i c k n e s s, composeO of f r o z e n  s o l i d  rocks
with a large coefficient of therma l conductivity ;

b)  froz en rock masses  of g rea t  t h i cknes s , composed of loose frozen rocks ;

c) f rozen rock masses  of medium th ickness , composed of loose dep os i t s  w i t h  a
mois tur e content (ice con t en t )  not g r eat e r  t han  the t o t a l  m o i s t u r e  c a p a c i ty

w );rn-c
d)  f rozen  rock masses of small  t h i c k n e s s , composed of loose dep os i t s  w i t h  a
mois tu re  content ( ice content ) g rea ter  than  the t o t a l  m o i s t u r e  cap ac i t y .  In
that case in the process of f o r m a t i o n  of f r o z e n  rock masses  i t  Is  assumed tha t
there is a possibility of Inflow of moisture from below toward the front of
freezing from lower-ly ing thawed water-bearing layers.

9. On the bas is  of the dynamics  of f r o z e n  rock masses the generally accem-ted
directions of development of the frost process should be distinguished: degrada-
tiona l , stable and aggradational. It is known tha t there-- exists an inti nite
number of such directions in both time and space (in depth). ihere - for e - - it is

- • adv isable to examine aggradatlona l , degradationa l and stable directions In the
uppermost levels of the frozen rock masses , on i t s  upper b o u n d ar y  and also on
the lower boundary and in the centra l part of the -p froze-en t i c k  mass . In tha t
case the following frozen rock masses can be distinguished: a) degrading u’ve-r
the entire thickness; b) degrading in the upper part and aggrading nit the lower

- - 
boundary, and the reverse; c) aggrading upward and degrading downward; d) ag-
grad ing  over the e n t i r e  thickness , etc . S i m i l a r  g r ada t i ons  can be der ived as
a function of time: short-period degradations , medium-period aggradatlons ,
long-period aggradations , Upper Quaternary degradations , etc.

Very great interest usually is aroused by determination of the  contemporary
state of frozen rock masses and also the history of their development . In
each concrete case the classification scheme of the dynamics  and the  history
of the development of frozen rock masses in a g iven reg ion must be i ts  own and
be closely connected with the genera l course of the geologica l deve lopment of
the investigated region.
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I n  • - x a m i n i n g  d e g r a d a t i o n  and a g g r a d a t i o n  one shou ld  d i 1 t iu i g u i s h  v a r i e t i e s  con-
nected only  w i t h  change of the t emp era ture  f i e l d  and var j e t  ies connected w i t h
the- tha~.lng of f r o z e n  rock  masses and t h e i r  fo n m a t  ion ag a i n , in t ha t  case -  t h e -
c la s s i f i c a t i o n  c h a r a c ter i s t i c s  w i t h  respect  to  the d y n a m i c s  and h i s t o r y  of
f r o z e n  rock masses are c l o s e l y  in terw oven  w i t h  the cha r a c t e r i s t i c s  of t he i r
composition ari d s t r u c t u r e.

2. Genera l Regularities of the  Formation of Permafrozen Rock Ma sses

Ih e- ’ therma l state - of permafrozen rocks is connected with heat exchange on the
s u r f a c e  of the gr ound between the l i thosphere  and atmosp he re - .  T h a t  heat ex-
change  Is completed under definite geological and geographic conditions which
dt ~term iu ’ie the c o mp o s i t i o n  of the f rozen  rock masses and cha rac te r  of t h e i r  de-
veln’~ment dur ing the per iod  of time under  c on sid e-r a t  ion .

Frozen rock masses have very varied composition , distribution , temperature re-
g ime , thickness and length of existence.

/The composition , struct v-e and texture of frozen rock masses ! reflect distinc-
tive features of the processes of freezing and their dynamics and are factors
determining the proper t ies  of permafrozen rocks.  The m a i n  component of frozen
rocks  is ice . The ice content of f rozen  rock masses , the i r  s t r u c t u r e  and cryo-
gen i c  t ex tu re s  depend ma i n l y  on: 1) the  geo log ica l  gene t i c  type of the  rocks
(genesis and stratification of depos i t s)  ~ iid f ac i e s  they  be long  to ( f lo o d ~

p l a i n , oxbow , lake f ad es , e t c ) ;  2) their dispersion and mineralogical com-
position ; 3) the moisture content of deposits and their aqueous properties;
4) the character of the freezing of the rocks (syrigenetic and epigenetic rock
masses);  5) the ra tes  of processes of f r e e z i n g  of rocks and the character  of
the temperature fluctuations on the surface. In that case it should  be borne
in mind that-different in characteristic features in that respect are loose
moist rocks in which ice appears as a r o c k - f o r m i n g  m i n e r a l .  M agmat ic  and sedi-
m e n t a r y  dense rocks wi th  low poros i ty  and mois ture  content  change the i r  compo-
sition , texture and properties insignificantly during freezing.

Syngenetic rock masses, the freezing of which occurred during sedimentation ,
are widespread in a l l uv i a l , alluvial-lak e, lake-swamp , deluvia l , proluvia l and
seacoast sediments. They usually have a layered cryogen ic texture connected
with the fact that the seasonally thawed layer freezes in winter not only from
above but a l so  from below , In connect ion w i t h  wh ich Ice sch ll eren  f o r m  in both
the upper part of that layer and in its base. That phenomenon is connected
w i t h  the dynamics  of the seasona l t hawing  of the rocks and has latitudina l
zonation (see Figure 28). Syngenetic rock masses with a fine-layered cryo-
genic Lexture are very widespread in permafrozen rocks, the tj of which is
below -3°. In regions where permafrozeri rocks are prevalent and where t

1 
is

above -3 , monolith ic and lens-shaped cryogenic textures are ma inly developed.
Loose deposits wh ich have frozen ep igenetically are characterized by layered
and layered-reticu lar cryogenic textures and their formation is connected with
certa in aqueous properties and the mois ture  content of the thawed rocks which
are f r eez i n g  and ly ing betow , and a l so  w i t h  the rate  of f reez ing and , conse-
quently, with the thermop~ysica l properties of the rocks , the temperature re-
gime on the surface and the geotherma l gradient .
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The n u t i m a l c o n d i t i o n s  of ic e - formation , I r I  connected  w i t h  s low f r e e z i n g,
w i t h  an a d e q u a t e  Ca n s tan t  f l o w  of m o i s t u r e  toward the  f ron t  of f r e e z i n g  and
w i t h  l a rge -  hea t cycles  in the f r e e z i n g  rocks . When there  are ha rmon ic  f luc-
tuat ions of tI-ni1 er a t u r e  on the surface the rate of e1-igenetic freezing of the
r ocka  d i m i n i s h e s  w i t h  depth . However , when ther e  is a con s t a n t  w a t e r - b e a r i n g
leve l the f l o w  of moisture toward the f ron t  of fr ~~~z i n g  inc reases  w i t h  depth .
B y v i r t u e  -~f these two c i rcumsta nces the ice con ten t  of the  f r o z e n  rock mass
could increase with depth.

But the heat cycles in a frozen rock mass diminish with de-~ t1i In an a lmost geo-
metric progression , and tha t leads to a sharp reduction of the possible ice
formation with depth . This is dec is ive  and the genera l p icture of the distri-
bution of Ice by depth u s u a l l y  is c h a r a c t e r i z e d  by the presence of a l aye r  wi th
a larger ice content within the limits of the upper third of the frozen rock
mass , Superposed on that genera l regularity is the influence of the geologica l
structure and litholog ical features of the separate levels , and also their phy-
sica l and aqueous properties.

/The i n f l u e n c e  of the upper boundary c o n d i t i o n s  on t h e  f o r m a t i o n  of f r o z e n  rock
masses and their temperature regime/. When there are harmonic fluctuations of
t emperature on the surface  of the ground the  upper boundary conditions are de-
t e rmined  by the p er iod  of p erennia l t emp era tu re  f l u c t u a t i o n s  on the  su r f ace
T 

er ’ 
the amp li tude of temperature fluctuation on the surface during that period
arid the average temperature oru the  su r face  d u r i n g  tha t per iod  t0-per 0 -per

Figure 49. Damp ing of amplitudes with

- 
depth as a function of I 

en
: 1 - 10 y r s ;

- 2 - 40 yrs; 3 — 300 yrs;~ 3a - shift of
phases -- max ima and  m i n i m a  - - in depth

) 
during fourth of  a j~eriod .

/
/ 

~ In a number of works (Milankovich , l’)39; Kudryavtsev ,
- 1953 ; Shni tn i k ov , 1957; et al) the existence of peren-

- - — 
nia l fluctuations of the conditions of heat exchange
on the surface of the ground with the periods T

1 
11

years , 12 
— 40 yea r s , T3 

300 years and I — n x 10~

years , that Is , relativa ly short.period and long-period
oscillations , was substantiated. In connection with
that the actua l changes of the therma l state of rocks
have a comp lex oscillatory character which Figure 49
can illustrate. The inf luence of the length of the
period 

~~per~ 
on the depth of permafrost (~

‘
~ ) flows

from formula (4.~~.l); f is directly proportiona l tb
lTper• 

Other condit Ion~ being equa l , the  thickness

increases with decrease of to er 
from south to north.

That  increase  proceeds according to a complex law as
wY
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a r i  t~u I t  of im~~ e-s it ion of the inf 1w rice of a l a rg  numb er  of geograp h i c  and
geologIca l factors and conditions. As a result of tha t at the- depth of th~.
f roz e n  ro ck  rna~~ s the re  can s i m u l t a n eo u s l y  be a g g r a da t i o n a l and d e g r a d at i - t n a l

~-roces~ e-s, and e-h e change of t h i ckness  of the f ro s t  w i l l  be d e t e r m i n e d  by the
intensity of the process nr e-dnmina tlng at the given depth. For examp le , ou
account of short-period oscillations thawing of the frozen rock mass can
coed from the  s u r f a c e , and a t  the  same t imo on account  of lor~g-p e rio d  oscil-
lat inns of the -- temperature the base of the frozen rock mass can be lowered .

The- Influence of A and t on ~ is similar t o  that  of the corre-
0-per per

s~~- e - r i d i n g  parameters oti ~ . However , it is ev ident from formula (4.2.1)
that the depth ~ depe~~~

Ssubstantlally on the heat flow from below and the
coun t ed  va lue Of per

~ hC geotherma l g rad ien t  g in the underlying thawed rocks.
I t  has been found  w i t h  computer c a l c u l a t i o n s  (Kudryavtsev and Melamed , 1967)
tha t when g increases from 0 to 0.03 degree/rn, ~ decr eases by a fac tor of
1.5-2. In accordance with tha t , an espec ia l l y  ~~rgreat ~r f lu e n c e of g is
noted in reg ions of high tectonic activity .

In the case of close bedding to the base of the frozen rock mass of ~ water-
b e a r i n g  h o r i z o n  the i n f l u e n c e  of g on the thickness and temperature reg ime of
the frozen rock mass is complicated and often overlapped by the invluence of
convec t ive  hea t t r ans f e r .  In a number of cases that  In f luences  causes a thawed
state of the rocks on those sections , where without it a frozen rock mass of
a given thickness would have existed .

/The influence of the lithologica l characteristics of the compos ition and ice
content of rocks! on the dynamics of ~ is expressed by ,~., C and Q (formula
(4.2.1). The thickness of the frozen ~k mass is approximately pro~ ortiona l
to J~~~

’ (with a n accur~.cy of w i th in  10-15%) . The refore in sol id  rocks (A
f 

=

— 2.5 kca ./(in)(hr)(degree) the thicknesses of the frozen rock mass , other
cond i t ions  being equa l , is 1.4- 1.6 t imes as great as in loose rocks ( A 11. 2 k cal/ (m ) (hr ) (degree).  Hence mois t  loose f rozen  rock masses wi th  a s m a l l
thickness can have an older cryogen ic age that masses of solid frozen rocks
wi th a great thickness of the frost.

A substant ia l inf luence is exerted on the formation of ~ by the thermo-
phys ica l prop er t ies , namely the difference between A 4e- an~~

t
~ . In that case,

dur ing  permafrost  an e f fec t  of temperature s h i f t  simtlar to that dur ing sea-
sonal freezing is noted. The difference between >~ and >.~ is noted mainly
in the case of moist loose rocks.

The character  of the geologica l  structure of the reg ion a l so  has an in f luence
on the f o r m a t i o n  of the thickness of frozen rock masses , especialty when there
are substantia l differences in the therma l conductivity of the rocks. When
the c r y s t a l l i n e  f o un d a t i o n  or dense sedimentary  rocks are close the th ickness
of the frozen rock mass will always be greater than In loose rocks.

/The influence of subsurface waters/ o’fl the formation of the thickness of a
frozen rock mass is of great importance , as in the process of perennia l freez-
ing the water-bearing layers of rocks become pressur ized. In that case the
physica l properties of the rocks (water permeability, heat capacity, therma l
conduc t iv i ty ,  moisture content , etc ) cha nge .
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The development of f ro z e n  rock masses  is completed in a dynamic therma l inter-
act ion with subsurface waters through convective hea t exchange between them.
The character and intensity -f the interaction of subsurface waters on the
th ickness  of the frozen rock mass is manifested differently in different hy-
drogeolog ical structures , since the feeding and discharge conditions , the
regime , dyn amic s, chemism and temperature of the subsurface waters are con-
nected with the latter. A very great therma l effect of subsurface waters on
frozen rock masses is noted during their direct contact. This appli es espe-
cially to therma l waters concentrated in deep faults and also artesian waters
a r i s i n g  from great  depths . Connected w i t h  them , as a rule , is the formation
of t a l ik  zones or f rozen  rock masses of s m a l l  t h i ckness .  Subsur face  waters
wi th  high m i n e r a l i z a t i o n  and br ines c o n t r i b u t e  to the fo rmat ion  of a deeper
zone of cooling of rock masses as compared with sections of rocks with fresh
subsurface waters. In addition , dur ing perennial freezing subsurface waters
determine to a considerable degree the cryogenic structure of the frozen rock
masses and also the ir cryogenic texture.

3. Forecas t ing  the Format ion  of Cryogen ic Textures of Permafrozen Rocks

The cryogenic texture character izes distinctive features of the distribution
of ice over the profile and the character of ice inclusions in rock as a func-
tion of the composit ion and distinctive features of freezing , which is of
great Importance for the development of the process of thermokarst and settle-
ment of the surface during thawing , which develop bo th under natu ra l  condi t ions
and especially as a result cf their violation during the production activity
of man.

The ~ or inat ion of cryogenic textures is determined mainly by three factors :
1) l ithologica l facia l characteristics of deposits (the composition and
character of a d d i t i o n )  and the propert ies  of rocks ; 2)  the ir  mois tu re  content
and the p o s s i b i l i t y  of the f l o w  of mois ture  toward the front of freezing and
3) condItions of freezing -- the character of the upper boundary conditions
(harmonic or sudden changes of temperature on the surface) and the character
of the lower boundary conditions (the geothermal gradient and heat flow from
the depths of the earth).

I. Cryogenic Textures in Solid Rocks

In solid rocks the cryogenic textures are inherited. Usu a l ly  in tha t case the
ice inclusions are confined to the fissures (disjunctive, pticate , stratifica-
t ion and weathering). Also noted are ice in~ 1usions connected with the fill-
ing of the karst cavities . The character of the ice inclusions of hereditary
cryogenic textures in solid rocks is determined by the character of the fissures
and cavities and is connected with genera l geologica l conditions , above all with
the history of the geologica l development of the region. Simultaneously with
tha t the character of the inherited cryogen ic textures in solid rocks is deter-
mined to a considerable degree by the hydrogeologica l condit ions -- the presence
of fissure , karst-fissure and stratal-karst waters of water-bearing complexes
subjected to perennia l freezing. The latter circumstance determines the chem-
ism of the ice of inherited cryogenic textures in sol id  rocks. During freezing
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of sol id  rocks , f r a c t u r i n g  increases oa account of additiona l opening of exist-
ing fissures as a result of the freezing of water and as a result of processes
of therma l cracking.

On the basis of distinctive features of the formation of iqe in solid rocks
the f o l l o w i n g  types of ice can be distinguished (Krivonogova , 1975):

1 - cement ice , fo rming  in cracks filled with water before the freezing of
the rock mass (below the level of the ground waters);

2 - in j ec t i on  ice fo rming  in f i s sureS  when w a t e r  is introduced into them under
pressure as a result of irregular freezing of fractured flooded strata ;

3 - infiltration ice forming during the infiltr ation into a frozen rock mass of
waters of t al i k  zones or surface waters;

4 - s u b l i m a t i o n  ~ce forming on account  of vapor-phase mo i s tu r e  en t e r i ng  the
fissures  and cav i t i e s  of the frozen rock m a s s ;

5 - segr egation Ice forming as a resul t  of Unpressürized migrat ion of mo is tur e
towa-d the f r o n t  of f reez ing.

Dur ing  the f r e e z i n g  of so l id  rocks w i t h  the indica ted  types of ice , ice-satur-
ated sections form which are character ized by different distention . In that
case the greatest distent ion arises during the format ion of segregation ice,
and the least during the formation of sub l imation ice.

2. Cryogenic Textures of Loose Deposits

/R egu la rlt les  in the f o r m a t i o n  of cryogenic textures dur ing  ep igene t i c  f reez ing
of rocks/ .  The cryogenic textures of ep igenetic frozen rock masses form during
either harmonic or abrupt variations of the upper boundary conditions. Depend-
ent on the character of the change of temperatures on the surface of the ground
is the distr ibution (thickness , frequency and d i r e c t i o n ) of Ice sch l i e ren  in the
freezing rock.

During harmonic change of the upper boundary conditions in coarse soils (gravel-
pebble and sandy dep os i t s ) ,  if they are water -sa tura ted, form monol ithic (mass-
ive) cryogenic textures. In that  case a l l  the pores u s u a l l y  a re  f i l l e d  wi th  ice
and the minera l particles of the skeleton of the ground are not displaced very

• much -_ by the amount of the volumetr ic  expansion of ice in comparison w i t h  the
volume of water during f reez ing  (9%) . In  tha t case schlieren  textures are ab-
sent (wi th  the exception of in jec t ion  ice) .  The thickness of the l a t t e r  and
the condit ions  of occurrence are determined by d i s t i n c t i v e  fea tures  of the f ros t
hydrogeological situation.

In finely dispersed rocks the cryogenic textures form in all their variety in
accordance wi th  the genera l laws examined In section 3 of Chapter 9. When
the temperature change on the surface in a perennia l p ro f i l e  has a harmonic
course and in the absence of an Inf lux of water from water-bearing levels the
fo l lowing  r e g u l a r i t y  is noted. In the i n i t i a l period of f r e e z i n g  of moisture-
saturated finely dispersed rocks in the Uppermost level an abundance of Ice
schlieren of small thickness is noted. This is connected with the greater
moisture content of the ground at the front of freezing , larger temperature
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g r a d i e n t s  and h igh  rates of freez ing . G r a d u a l l y  w i t h  depth there is a sub-
s tant ia l decrease of the Ice schlieren and microschlieren and infrequent fine-
schl ie ren  c ryogenic  textures  form , which  is connected w i t h  decrease of the
m o i s t u r e  content of the rocks on the front of freezing. Since large tempera-
ture gradients and high rates of freezing are still preserved in the layer ,
the moisture does not succeed in extending to the front and making up for the
d e f i c i t  of moistur e which formed on account of migra tion into higher-lying
rocks. Under the icy leve l there is drying of the rocks , d u r i n g  the- f r e e z i n g
of which fine vertica l fissures often form, already filled with ice after
freez ing.

Dur ing  f u r t h e r  increase of the dep th of f r e e z i n g  the temp era ture  g r a d i e n t s  and
ra tes  of f r e e z i n g  d i m i n i s h , moisture succeeds in extending to the f ro n t  of
freezing in a large quantity and infrequent horizonta l medium and thick schlieren
of ice start to form. This regu larity ought to be intensified with depth , ex-
cept f o r  one fact. During harmonic oscillations at the surface the hea t cycles
are damped w i t h  depth in accordance wi th  a law s i m i l a r  to  geometr ic  progress ion
(Figure 5Oa). By virtue of this , in the lower part of a permafrozen  rock mass
during i ts f r e e z i n g  the heat cycles become so i n s i g n i f i c a n t  that  they a l r eady
cannot assure the fo rma t ion  of th ick ice schlieren.  Thus according to the hea t
cycles the maximal th icknesses of the segregation sch l i e ren  of ice are conf ined
to the part of a permaf ro~ en rock mass of medium depth. Frequently, near the
base of frozen rock masses the hea t cycles are sufficient only for the forina-
tion of a thin concluding lens of ice.

During repeated freez ing and thawing a portion of permafrozen rock masses can
thaw both from below and from above and aga in freeze. In that case the newly
formed cryogenic textures will correspond to the new freez ing conditions . Thus ,
for example, during the partia l tnawing and second freez ing of loose deposits
a profile can be obtained as on Figure 51 , where the distribution of cryogenic
textures is shown in accordance with the ~ce con tent dur ing p r i m a r y  freez ing
-- a broken line for the upper part, to the depth h, and a solid l ine to deeper
levels. As a result of partia l thawing of permafrozen rock masses to the depth
h and subsequent freezing of rocks, in that layer form new cryogenic textures
designated by a solid line. This is connected with the fact that during sec-
ondary freezing, as a result of drawing water to the front of freezing , there

— is a redis tr ibution of moisture in the layer h and at  the top of the layer form
frequent fine and medium schlieren cryogenic textures, and in the middle part
of the layer h, infrequent med ium and thick schlieren ones. In that case a
relative dehydration of the lower part of that layer to a moisture close to Wun
will be noted. It is interesting to note that in the absence of waters above
frost the tota l moisture balance of the i~ yer h must be equa l to the tota l
moisture content of the rocks of that layer , since the permafrozen rock mass
underlying the layer h is water-pressurized, as a result of which the inf low
of moisture from the depths is excluded.

Of great importance in the formation of cryogenic textures in a frozen rock
mass are the conditions of moisture exchange on its base. In particular , in
the presence of waters under the frost the size of the ice schlieren increases
w ith depth , in oonnection with which the tota l ice accumu lat ion considerably
surpasses the stock of moisture in the layer 

~ r by the s tar t  of freez ing .
Dur i~,g the slow freez ing of moisture-saturated ?Inely dispersed rocks there
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Figure 50. Character of the temperature field during suddea
(a) and harmonic (b) var iation of t on the surface of the
ground.
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Figure 51. Schematic diagram of the formation of cryogenic
textures in a permafrozen rock mass , the upper part of which
to the depth h has thawed and refrozen.

— 1 - Frequent fine schlieren 2 - Infrequent medium and thickschlieren 3 - Infrequent micro and fine schlieren 4 -

Frequent fine schlieren 5 - Infrequent medium and thick
schlieren 6 - Infrequent micro and fine schlieren

occurs the formation of thick schlieren textures, since a rather large amount
of moisture from the lower-lying levels succeeds in reach ing the front of
freezing. This leads to dehydration of those levels, as a result of which ,
as a rule, the grounds of mineral layers acquire a moisture content close to
the maxima l molecular. In that case the ground shrinks and small vertica l
cracks form in it. In the process of freezing of those mineaa l layers, along
the vertica l cracks formed moisture is drawn to the front of freezing and thin
vertical ice schlieren form. As a result, duringrolativslyslow epigenetic
freezing form thick schlieren cryogenic textures with thin vertica l veins.
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The possibility of forming in finely di spersed rocks a given type of cryogenic
t extures can be predic ted with the method described In section 3 of Chapter 9.
In particular , it is pointed out there that the app lication of oscillations of
different periods substantially affects the formation of cryogenic textures even
dur ing single freezing. Thus , for examp le, in the process of long-period freez-
ing and the formation of a permafrozen rock mass , medium - and short-period warm-
logs can be superposed , which lea d to deceleration of the rates of freezing a~ d
the formation of thick-schlieren cryogenic textures. On the contiBry, the appli-
cation of medium - and short-period coolings e.i long-period ones leads to accel-
eration of the rates of freezing, halting of the formation of thick-schlieren
cryogenic textures and the ir transition into thin- and micro-schlieren and even
monoliths .

A similar situation is also noted in the seasona l freezing of rocks. In that
case the short-period thaws in the course of the winter also lead to the for-
mation of thick-schlieren textures in the layer of seasona l freezing and by the
same token to Increase of the rock heav ing .  Exp la ined  by the same cons ide ra t ions
is the difference in the process of heaving in regions with sharply continenta l
and m a r i t i m e  c l i m a t e s .  Under the cond i t i ons  of a sharp ly c ont inen ta l c l i m a t e
the f reez ing  ra te  is high enough , in connec t ion w ith which in the upper leve l
of seasona l freezing form monolithic and micro- and thick-schlieren cryogenic
textures. In the  centra l part  of the f r e e z i n g  layer  form t h i n - s c h l i e r e n  cryo-
genic textures, through wh ich heaving of the ground mainly proceeds. During
f r eezing of the lower par t of the layer ~~

-
, where the therma l cycles are sharp ly

reduced , form their schlieren and mono l ithic cryogenic textures.

Under the conditions of a marit ime climate the freezing rates are very low even
in the uppermost part of the layer I and therefore the formation of th ick-schlieren
textures , even when there is an adequate inflow of moisture from below toward the
front of freezing, can be noted within the limits of the entire freezing layer.

Near the southern boundary of the region of permafrozen rocks , where t~ is cl ose
to zero , the annua l therma l cycles are damped within the layer of seasona l freez-
ing. By virtu e of that the lower leve l of the layer ~ , as a ru l e , is charac-
terized by a monolithic and thin-schlieren cryogenic texture.

During a sudden change of temperatures on the surface of the ground the change
of the temperature field proceeds in accordance with the schematic diagram on
Figure 50. For case “b” the therma l cycles rema in constant in depth , s ince  at
any depth the temperature must change at most by the va lue (t2 - t

1
). Therefore

the therma l cycles have no influence on the formation of cryogenic textures , as
they are constant. By virtue of that the regularities in the formation of cryo-
genic textures for case “b” are determined only by the rate of freezing in ac-
cordance with the temperature gradient and hydrogeological conditions (moisture
content of the ground and the possibility of moisture flow toward the front of
freezing from lower-ly ing levels). The temperature gradient and rate of freez-
ing in case “b” decrease with depth and , consequently, the probability of the
formation of ice schlleren increases w it h  depth . As a resul t  of that the ice
content in permafrozen rocks which froze during a sudden change of temperature
on the surface of the ground increases with depth.
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During the partia l thawing of such permafrozun rock masses and their subsequent
fre ezing , already as a r e s u l t  of harmonic temperature oscillations on the sur-
face comp lex superposed cryogenic textures can form, with a regular distribution
of them by depth characteristic of both harmonic and sudden changes of the
upper boundary conditions. The concrete condit ions of the formation of cryo-
gen ic  t ex tures  can be c a l c u l a t e d  w i t h  the method presented in C h ap t e r  9.

/R egul ar i t i es of the f orma t ion of cryogenic textur es dur ing  syngene t ic f r eez ing
of deposits!. The main regularities and character of formation of cryogenic
textures of syngenetically freezing deposits are connected with the freezir~
from below of the layer of sununer thawing and with regularities of the process
of frost cleavage. Under the conditions cf sedimentation of flood -p l a i n , coasta l-
mar it ime and s l j ~t- facies in a region of permafro-;t, f r ost cleavage is accompan-
ied by the formation of reopened-vein (wedge-vein) Ices or pr irnordially ground
veins , depending on the correlations of the min imal and average annual tempera-
tures of rocks on the surface-, the i r  am p l i t u d e , the layer  th ickness  ~ and the
depth of cracking.  As a resul t  of that form cryogenic textures of syngenetic
rock masses wi th  a polygona l l a t t i c e  of reopened-vein ices , ground or mixed ice-
ground ve ins separated by masses of minera l ground. The d imensions and conditions
of occurrence of the reopened-vein ices and ground seams and the dimensions of
the polygons are determined by the composition of the ground and its properties ,
the temperature regime of the grounds at the moment of t o t a l  f r e e z i n g  of the
layer of sunmer thawing , and alsa the conditions of sedimentation. The lattice
size of the reopened-vein ices can be de te rmined  w i t h  the  fo rmu la  of B. N .
Dostovalov (1952). The pr o b a b i l i t y  of fo rmat ion  of icy, ground or mixed veins
can be determined with the method of N. N . Romanovskiy (1971, 1972). He a l so
es ta b l i s h e d  the si gns of different types of vein formations (Figure 52) and
their connection w i t h  the temperature zo n a t i o n  (see Figure 119 in section 3,
Chapter 8).

The cryogenic textures of the minera l masses of ground between ice veins are
determined by the following conditions . In the process of sedimentation , dur-
ing s i l t deposition in the period of high water , the surf ace mar ker is elevat ed
by a certa in amount. As a result of that the marker of the upper boundary of
the permafrozen rocks must simultaneously rise. This occurs because the depth
of the seasona l thawing of the following year does not reach the depth of thaw-
ing of the previous year. As a result a permafrozen rock mass forms which re-
presents the sum of elementary layers which are residua l levels of the freezing
layer of seasona l thawing. It is obv ious that in tha t case the cryogenic tex-
tures of syngenetically freezing permafrozen rocks can be only either thin-
schlieren or monolithic. The latter is determined by the conditions of freezing
of the layer of sununer thawing. In that case, when the layer of suimner thawing
freezes only from above, all the moisture is drawn towad the front of freezing
into the upper levels , the lower are dehydra ted an c~ only a massive texture fovms.
This occurs near the southern boundary of the permafrozen rock masses, where all
the annua l therma l cycles are extinguished in a layer of seasona l thawing. In
more northern regions of the permafrost region , especially in zones IV and V
(accord ing to V. A. Kudryavtsev , 1954) the therma l cycles on the base of the
layer of seasona l thawing reach large values . As a result of that the freezing
of the layer of sumner thawing proceeds not only from above but also from below.
In t h a t  case the mois ture  in the layer of summer thawing is drawn t oward both
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Figure 52. Types of polygonal-vein formations and cryogenic
textures of enclosing deposits (schematicized according to
N. N. Romanovskiy,  1972). a - primordially ground veins
forming in seasonally thawed and seasonally frezen layers;
b - ice veins in a frozen rock mass; c - pseudomorphoses on
ice veins; 1 - b arns ; 2 - sandy b arns; 3 - boesses; 4 - b ess-
ial  rocks and a l e u r i t e s ; 5 - peat; 6 - sand and gravel; 7 -

layer of so i l  and vegeta t ion  and hurnif  led rocks; 8 - ice
schlieren and “ba nds ” in syngenetically freezing deposits;
9 - l a m i n a t i o n  of rocks and minor  f a u l t s ;  10 - re-opened vein
ices ; 11 - ground ve ins ; 12 - tests of freshwater mollusks;
13 - allochthonic plant residues ; 14 - upper surface of persia-frozen rocks (STS boundary).

the upper and lower fronts of freezing, as a result of wh ich ice schlieren
form both in the upper part and in the  base of the layer of seasona l thawing.
In that case , in the pr ocess of sedimentation , form residuary layers of 1Xb~
freezing layer of summer thawing, inf requently  represented by ice with a smal l
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a d m i x t u r e  of minera l 1-art id es. In a 1-erennia l r f i l c - , t h i n l y  l ay e r e d  cryo-
gen i c  t ex tures  of f rozen  rock masses  fo rm in that  manner . D u r i n g  m u l t i p le
freezing ‘f such Ice schlieren on one another Is accordance w i t h  the  s h o r t -
period oscillations of temperature banded cryogenic textures form (Maks imova ,
1972).

A c h a r a c t e r i s t i c  fea ture  of those deposi ts  is the  fa c t  tha t the sunnhl ary ice
conten t  o f t e n  exceeds the tota l m o i s t u r e  c ap a c i t y .  The ~ r o b a b i l i t y  of forma-
tion of 1-erma f rozen  rock masses w i t h  a layered cryogenic texture can be ca l-
culated with the method presented in section 12 of Chapter 3 and section 3 of
Chat ter 9. Thus the genera l appearance of syngenetic frozen rock masses in
t he  j — re sence  of reopened vein ice is cha rac te r i zed  by a polygona l l a t t i c e  of
vein ices with masses of minera l ground between them with a t!~inly layered
cryogenic texture (Figure 53).
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Knowledge of the r e g u l a r i t i e s  in the formation of cryogenic textures and the
character of their distribution , and also of the c o n d i ti o n s  of occurrence of
underground ice- s dur ing epigenetic as well as during syngenetic freez ing of
rocks is the basis for compiling a forecast of the change of frost conditions.
Calcu lation of the possible amount of heaving in connection with the formation
of cryogenic textures or layers as a result of thermokarst pr ocesses determine
the geolog ica l eng ineering evaluation of territory, the conditions and pr in-
ciples of construction and the character of the measures necessary for the
crea tion of optima l working conditions of a structure (see section 3 of Chap-
ter 9).

4. Determination of the Minima l Cryogen ic Age of Frozen Rock Masses

The quest ion of determination of the length of existence of rocks in the frozen
s ta te  is of grea t importance in determining the genesis of frozen rock masses
and the i r  dynamics in Quate rnary  t ime . For syngenetic permafrozen rock masses
the question of de t e rmina t ion  of the age of the frost is Sotved unequ ivocally
with determination of the geolog ica l age of the frozen deposits. Dur ing ep i-
genetic freezing of rocks the cryogenic age of the frozen rock masses can be
determined with  for mula (4.2.1), by means of which one can take into consid-
eration the different conditions of freezing of the upper layers of the litho-
sphere and their composition. In that case one bears in mind that , other
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c o n d i t ion s  being equa l , grea ter  th icknesses  of f roz e n  rock masses are always
connected w i t h  larger  per iods  of p e renn ia l o s c i l l a t  i n s  of tempera ture on the
:~u r f a c e  of the ground. There fore  for  each given th ickness  of the f rozen  rock
mass (according to formula 4.2.1) the smallest possible period of tempera ture
oscillations and the cryogenic age of that rock mass corresponding to it can
be determined . The da ta necesary for that the thickness of the frozen
rock mass 

~~ r~~’ 
the thermophysica l properties f the rocks (A, C and L~w) and

also the 1leotherma l gradient (g) in thawed rocks (below the base of the
f rozen  rock mass) are determined as a result of field investigations. The un-
kn own s ize  of the p e r i o d  of o s c i l l a t i o n  T 

r is selected so tha t the  m i n i m a l
value of the period corresponds to the ma~~~mal  thicknesses of the frozen rock
mass . This condition is valid when the average temperature of t he  rocks (t 

r~during the period T 
er 

on the surface of the f r o zen  rock  mass will be equa l ~~~
to the amplitude 0fP the temperature oscillations A o_per •

Thu lower boundary conditions are determined In the f o l l o w i n g  manner  (Kudrya v-
tsev , b968) . At large periods and small arrqlitudes - i f  t empera tu res  on the
lower surface of the f rozen rock masses , and also in the presence of phase
transitions of water accompanying the freezing and thawing of rocks , the mini-
mal and ma x ima l va lues of g can be taken as the envelopes of temperature char-
acteristic of harmonic long-period oscillations.

:~ - . ‘ -~~~~ 
•

FIgure 54. For determination of
I the minima l cryogenic age of pum a-

-- - — - 

f rozen  rock nasses.

In accordance with that one can read i ly  obta in  t~ dur ing  the period T
on the lower surface of the frozen rock mass and t on its upperP~~
surface. The two values are obta ined graphically by th~ ~oRstruction of
straight lines drawn from the point 00 on the upper sur face  ~f the frozen rock
mass with the angle of inclination and from the p oin t  0 on the lower
boundary of the frost with the angle of inc l ination t (Figure 54). It
follows from formula (4.2.1) that with increa se of the thickness of the
frozen rock masses the minima l cryogenic age increases in a quadratic depen-
dence. The change of the minima l age of frozen rock masses depends substan-
tially on their composition and moisture content, tha t is, to freeze loose
deposits to a definite depth twice as much time is required as for solid rocks.
If a ratio of the  c o e f f i c i e n t s  of therma l conduc t iv i ty  of 1:2 is taken for
loose Quaternary deposits and solid pre-Quaternary rocks, then 200-meter frozen
toose sock masses will have a minima l cryogenic age similar to frozen rock
masses with a thickness of 400 m in solid rocks. The moisture content of the
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deposits also has a substantia l influence : when the heat cxl ended on phase
transitions of water is dou~~1ed the minima l cryogenic age of the frozen rock
mass increases by about 1.4-1.5 times whilc their thickness remains unchanged .
The dependence of th~ thickness of the frozen rock mosses and their minima l
cryogenic age on g is complex. However , it can be assumed that th~ m i n i m a l
cryogenic age of the frozen rock mass will vary in proportion tii g~ . It also
can be noted tha t with increase of A and reduction of t the thick-

o-per ~ -per
nesses of the frozen rock masses will increa se and the minima l cryogenic age
will decrease.

Ca lcula tion of the Minimal Cryogenic Age of Perinafrozen Rock Masses (Example 23)

Determine the min ima l cryogenic age of perrnafrozen alluvial deposits if In the
process of a frost survey the following da ta were obta ined: the thickness of
the frozen rock mass is 100 rn, composed of interlayered silty sandy b arns and
b arns. The properties of the deposits are charaSterized by: 

~~ 
1.5, ~X

— 1.0 kcal/(m)(degree )(hr); C 1 ~ 
500 kcal/(m )(degree); Q~ = 20 ,050

3 vo - 7 -per
kcal/(rn ~ ~~~_per 

is the hea t of phase transitions during the perennia l freez-

ing of rocks). In the underlying thawed deposits (b arns g lznQ 11
) A

f 
1.25

kcal/(m)(degree)(hr) and g 0.03 degree/rn.

Solution. It is necessary first to determine the conditions under which the
maxima l thicknesses of permafrozen rock masses form at a m i n i ma l va lue of the
period of oscillation T • It is obvious tha t they will be conditions

min-Derin wh ich the average tempere ture of the rocks t on the surface  of the
permafrozen rock mass during the period T in- 

0
~P~~ 11 be equal to the ami 1~i-

tude of oscillations of temperatures on tl~e s~~ face.

In determining the lower boundary conditions one should start from the fact
that the long-period oscillations of hea t exchange on the surface of the ground ,
which determine the formation of permafrozen rock masses , as a rule propagate
not only in the frozen rock mass but also in the underlying thawed rocks. There-
f ore the geotherma l gradien t in the under ly ing  thawed rocks var ies  in a cer ta i n
range from the maximal to the minima l va lues.

In accordance with tha t the maximal temperature during the period of fluctu-
ations (2t~ ) can be obtained on the lower boundary of the permafrozen rock
mass and ~T~~

per minima l (2t ) on its sur fac e. The former is obtained by
constructing a straight lin ~~~hich starts from t — 0° on the surface of the
permafrozen rock mass and has an angle of inclination corresponding to the
minima l value of the geotherma l gradient. The latter (2t 

r~ 
is a l so obta in ed

by constructing a stra ight line , bu t one passing through ~~~epoint t 0° on
the base of the frozen rock mass and having an angle of inclination correspond-
ing to the maxima l value of the geotherma l gradient. If we connect the middle
of the obtained segments on the lower and upper surfaces of the permafrozen
rock mass (poin ts corresponding to t and t- ) we obta in the axis of

0-per i -per
long-wave oscillations , the angle of inclination of which corresponds to the
average value of the geotherma l gradient.
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Figure 55, D e t e r m i n a t i o n  of min im um ( - r v o qp t I i c  aqe of
permafros t  s t ra - ta .
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In  accordance  w i t h  the i n d i c a t e d  c o n s t r u c t i o n  a c a l c u l a t i o n  a l s o  is made of
the min im a l cryogenic age of a perrnafrozen rock mass. In that case the corn-

l et *-. l ength of the p er iod  (T ) is de te rmined  at which  the uppermost levels
f t h e  f r ’zei i  rock mass are 1~~e~ c o n s t a n t l y  f ro z e n  s t a t e . The equation for
i r r n~i f m ,~~t (4 .2 . 1) ,  w h i c h  is solved fo r  T , is used in the  c a l c u l a t io n .

In accordance with what has been said , the procedure in solving the problem
must b& the f~’11owing :

1. We find the va l ues of the m a x i m a l  and minimal gradients in a 100-meter
r ick mass.  I t  is obvious t hat  the m a x i m al gr a d i e n t  w i l l  be observed at
and the minima l at A

f
, since It is known that the grad ien t  in~

underlying thawed rocks is 0.003 degree/meter when their therma l conductivity
is 1.25 kcal/(m)(degree)(hr). Provided tha t the heat flux passing through
the 1 w ~ r boundary if the frozen rock mass is equa l to the flow through the
surface of the soil , the gradient in the upper 100-meter rock mass will vary
from 0.038 at = 1.1) ti 0.02. degree/meter at = 1.5 kcal/(m)(degree)(hr).

2 . Wi ma ke the necessary construction to find t and t as indicated
ab~ vc . It is evident from Figure 55 that t 21.9° a~~d

per t 1.2 5 °.o

3. From e q u a t i o n  (4. 2~~l )  we f i n d  I when the fo l l o w i n g  In it ia l data are sub-
s t i t u t e d :  A t = 1.9 ; (t - g~ ) t — 1.25°; ~ — 100 m ; ~ —

2 ~ per -~ Cr J er
20 kcal/(m )(hr)(degree);

-
~~~ 

_• _
- -I-i~

We s u b s t i t u t e  all the data in fo rmula  (4 .2 .1)

- 
ii 

i .~ T
- 

[ 3j 1  : 1 - - )

- - 
~0 - ~~ U0 20

- I ~ 21
I 

~~~ 
‘
~~~~~

/ 3 I ~~~~~ 0 100

I f  -~ 20

- / I ~~~~.T
- • 

~~ ~ : 1)1)

When we solve the equation for T we find that T~~~ 67 ,250 years.

5. Influence of the Productive Activity of Man on Change of the Temperature
Reg ime and Thickness of Permafrozen Rock Masses

The economic opening up of territory leads to a sharp change in the natura l
situation , and consequently also of the frost conditions. On sections of
structures those changes are so considerable that the frost conditions dif-
fer substantially from those noted before construction in the course of a
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frost survey. As a ~~~~~ at construction sites the plant cover is r em oved
and a leveling of th e- terrain Is made which changes the  st e ej - n e s s  of the slope
and sometimes t h e  exposure (by cutting away and filling in), and the compo-
sition and moisture content of the  soils are changed . As a result of the un-
covering of basins , soils art drained or flooded . The construction of drain-
age structures and sewer systeme , bodies of water and reservoirs also leads to
change of the moisture reg ime of the soils. Variou s artificial coverings (as-
phalt , concrete , etc) and the arrangement of lawns and tree plant ings lea d to
a sharp reduction of the surface of the ground and change of the temperature
regime of the soils . Directly under industrial and public structures , deçend-
ing on their therma l reg ime , one can note either a i wering of the  ave rage
annua l temperatures and preservation of the frozen state of the soils (under
col d structures) or t h a w i n g  of frozen rocks with the formation of a thawing
basin ~under structures with great heat release into the ground).

Construction on large areas (settlements of a city type and cities) In a perma-
frost reg ion causes Important changes of front conditions on the entire terri-
tory of the settlement or city , including even the sections where the na tural
condit ions rema in undisturbed , If their are-a is small enough in comp ar i son
with t h e  neighboring sections of the construction site . In that case the
change of frost conditions is connected not only with change of the natural
conditions on the area of the construction site but also with change of the
mlcroc l lmatlc conditions on ad jacen t  sec t ions . In the case of linear struc-
tures (railroad lines , highways , gas and oil pipelines , electric power trans-
miss ion l i n es , underground connrtunications , etc) very important changes of the
natura l conditions , including the frost conditions , are noted within the limits
of the lines and rights of way. For a irport construction those changes extend
to a far larger territory , Inc lud ing air strips and the airport facilities.
In the case of hydraulic engineering construction the change - f natura l con-
ditions , and especially of frost conditions , includes enormous territories of
artificial reservoirs and adjacent regions. The same changes are observed in
the regions of the opening up and working of minerals and in regions of the
deve lopment of agriculture in a region of pertnafrozen rocks.

It is obv ious that all changes of frost conditions can be studied only on
the basis of knowledge of regularities in the formation of permafrozen rock
masses in connection with the character of the natural situation and its
changes during construction. Forecasting the change of frost conditions during
different kinds of economic assimilation , having a single coimnon basis -- regu-
larities in the formation of permafrozen rock masses , is characterized by spe-
cifics connected both with distinctive features of change of the natura l en-
vironment during construction and with the character of the interaction of
s t ruc tures  w i t h  f rozen gro und d”r ing  operat ions .

We will examine the formulation of some problems in foreca st ing change of
frost conditions , for examp le , during the construct ion of housing settlements
or cities . As has already been pointed out , in some cases a need arises for
construction while preserving the frost conditions of the ground at the base
of the structures. Then , obviously, in the compilation of the forecast prob-
lems must be solved in the d e t e r m i na t i o n  of the dynamics of the t empera ture
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regime of perma f r o z e n  rocks  and i t s  I n f l u e n c e  on the  pr op er t  ies and  t h i ck -
ness of the frozen rock mass. The t emp era tu re  regime of the  ground  under
buildings in that case must be in a small definite range of negative tempera-
tures , and this is achieved by various measures provided f o r  i n  the construc-
tion of the foundations of definite structures , On a dj a c e n t  sections the  tern-

ur a t u r e  regime of the rocks and the depth of the seasona l thawing must he
calculated with conslderatioo of concrete changu~ on the  s ur f a c e  of the so i l ,
as was shown In Chapter 4 (examp lEs I and 3). In other cases , in f o r e c a s t i n g
change of front conditions it can be a matter not only of change of the tern-
l uratures of rocks within the range of negative va lues but also of t h e  thawing

if  p - ermafrozen  rock masses  and the  therma l prec ip i t a t i o n s  or i s i n g  in tha t case
or of new formation of frozen rock masses and the formation of t h e i r  c r y o g e n i c
textures. The f o r m u l a t i o n  of the problems In the compilation of a forecast
is determined in all cases by the comp lexity of the interaction of the struc-
ture and environment or comp lex of different structures and the environment .
In the case where a forecast is compiled for small areas or separate struc-
tures in uniform widesprea d conditions , the problem is assumed to be unidimen-
sional. It is reduced mainly to forecasting the change of the radiation ther-
mal ba lance of the surface of the soil and its temperature reg ime (section 1 ,
Chapter 2 and example 14, Chapter 5), determination of the thawing rates of
permafrozen rocks under a structure , determination of the  con tours  of the
t h a w i n g  basin  (according  to D. B. Redozubov , section 4, Chapter 3 and examples
38 and 39 , Chapter 8) and determination of the therma l prec ip i t a t i o n  of the
so i l s  (section 9 , Chapter 6).

In compiling a forecast of the change of frost condit ions for large territor-
ies with a different development the matter is much more complex. In that
case it is necessary to take into account the complex therma l interaction of
buildings of different size with heat release and cold , the walks separating
them , lawns , etc. In that case the temperature field at the points of obser-
vation is often determined by two- and even three-dimensiona l problems. And
In sp ite of the fact that the composition of a forecast will be presented with
the same listing as for separate buildings , the solution of the problems is
extremely comp lex. Wha t has been said can be illustrated by the following
scheme. Fresented on Figure 56 is a cross-section of the area of a develop-
ment within which are buildings with heat release. U n d er them the thawing
basins are shown. On the rema inder of the area the conditions are favorable
for the existence of permafrozen rock masses. On the schematic diagram it
is shown that the thickness of the frozen rock mass considerably exceeds the
depth of the thawing basins. In tha t case , development of the area leads only
to thawing of the frozen rock masses under the structures and does not change
the genera l p icture of the bedding of permafrozen rock masses over the area ,
but changes Its thickness on separate sections . However , on the whole , de-
velopment on a large area can lead to reduction of the thickness of the frozen
rock mass in comparison with natural conditions in accordance with the in-
tegra l temperature f i r the territory if the development corresponding to the
new surface conditions . A solution of such a 1r iblem can b~ obta ined by
simulating the prob lem on an electric integrat or . A schematic diagram if the
solution follows (Figure 57).
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Figure 56. Forma tion of thawing bas ins under bu i l d ing s wh en
the frozen rock mass is very thick: 1 - sections with natural
conditions ; 2 - traveled parts of paths ; 3 - buildings ; 4 -
lawns; 5 - boundary of thawing basin under building; 6 - lower
boun dary of permafrn~en rock mass after development of area.
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Figure 57. Formation of taliks (tabetisols) on a developed
section when the frost is not thick: 1 to 4 - the same as
on Figure 56; 5 - boundary of islands of permafrozen rocks
on the area of the development; 6 - boundary of permafrozen
rock mass after development of the area.

For example, a section characterized by a continuous expanse of permafrozen
rock mass consisting of alluvial-la ke sandy loam and loam deposits , the aver-
age annual temperature on the surface of which is _ 3

0

, is developed with pub-
lic buildings . The thickness of the frozen rock mass is 130 meters and in the
under ly ing  thawe d rocks g — 0.03 degree/rn

8 
After development of the section ,

under the thawing buildings t rose to +2 • On the lawns adjacent to the
buildings the temperature of the surface of the ground also increases and
depends on0the exposure of the walls: on the southern side of the buildingit is -0.5 and on the north , -1.2°. On the traveled part of the paths
t decreases to -5,5 . I t  must be determined how the thickness of the frozen
0rock mass varies on the area of the development .
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The pr o b l e m  is solved with an electrica l integrator by simulating a steady
t empera ture field In soils which corresponds to the new conditions on deve l-
oped territory. The width of buildings is assumed to be 20 meters , that of
the lawns to be 5 meters , and that of the travelling part of the paths to be
10 meters. The obtained results of the solution testif y that the thickness
of the frozen rock mass on the whole varies little. This is evident from the
the fact that under the influence of elevation of the temperature of the sur-
face of the soil (its mean-integra l value) under the buildings form thawing
bas ins  wi th a thickness of about 13 me ters , and on the entire area of the de-
velopment the lower boundary of the permafrozen rocks rises a tota l of more
than 10 meters.

Presented on F i gur e  57 is the same case of economic opening up of ter r i tory
but at a small thickness of the frozen rock masses , when the thawing basins
under heat-releasing buildings form penetrating taliks . Under those condi-
tions the cont inuous extent of permafrozen rock masses is destroyed . Depend-
ing on the correlation of areas with surface conditions favorable and unfavor-
able for the preservation of the frozen state of rocks , a ta l i k  can f orm on
a large area of the territory of a development and frozen rocks will be pre-
served only in the form of separate small islands. Thus , for example, In the
case of an urban deve lopment in the form of parallel streets with an arrange-
ment of boulevards on the territory of a city the following p icture can occur.
Und er bu i ld ings , as a result of much release of heat , a talik forms. On lawns
p lan ted wi th shrubs accumula tes a large amoun t of loose snow , the height of
which Increases because snow from the roads is partially piled on the lawns.
Al l  th i s  leads to the thawing of permafrozen rocks also under the lawn s (see
F i g u r e  57). In a mass of thawed soils a belt of frozen rocks can be preserved
under a road. An approximate scheme for calcu lation of a forecast in such
cases is made in the following manner. For examp le , used under the develop-
ment is a section of continuous extent o~ permafrozen rocks with a thickness
of 43-45 meters , the to 

of which Is -1.0 . Deposits consists of alluvia l
sands and sandy b arns wi th  pebbles and gravel and layers of sandy loam. The
geotherma l gradient in the underlying thawed rocks is 0.03 degree/meter . As
a resul t of the development the tem~erature regim e of the soi ls  a l so  var ies  and
under the heated buildings t — 5.0 is established . Under the lawns on the
southern side of the buildin~s t rises to 1.00, and on the northern to 0.5

0
,

while on the travelled part of t~ e roads it decreases to -4.5 . The width
of the buildings is 20 meters, of the lawns 5 meters , and of the travelled
part of the roads 10 meters . It must be determined how the thickness of the
permafrozen rock mass varies on the ar ea of the deve lopment.

The problem was solved on an electrica l integrator by simulating the steady

• temperature regime of the soils corresponding to the new conditions. The
results of the solution are shown on Figure 57 and testify that under the
indicated conditions on the territory of the development the entire mass of
frozen soils thaws. Permafrozen rocks are preserved only under the travelled
part of the road , but their thickness is reduced to 20 meters .

In compiling a forecast of the change of frost conditions it is necessary to
turn attention to the following. If the construction is done on sections
whi ch have permafrozen rock masses of great thickness , the tha wing basins under
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F igu r e  58. Chang e of t h e  con tour  of

- - 
-
~~~~~~~~

.
~~~

-__ the thawing basin during change of
conditions on the surface: I - origina l
boundary of thawing basin; 2 - boundary

- of thawing basin after widening of road
/ at the expense of part of the  l awn;  3 -

p lo t  formed on account  of f r e e z i n g  of
par t  of the o r ig ina l t h a w i n g  ba s in.

the area of the development does not emerge beyond the limits of the f rozen
rock mass. In that case the following can occur. For example, when the  road
is widened at the expense of the lawn (Figure 58) the tota l thawing basin on
the developed area under the building and lawns must part ially freeze , and in
the closed volume of the basin a large hydrodynamic pressure must arise , with
an outflow of ground waters within the building .

A similar situation can occur on account of change of lower boundary condi-
ti ons, When the frozen rock mass is not thick the genera l thawing basin (see
Fi gure 57) can go beyond the limits of the permafrozen rock masses, and und er
the area of the development forms a penetrating talik. We will assume that
in tha t region the small thickness of the frozen rock masses is connected with
the warming influence of the subsurface waters. When the waters of that leve l
are used and there is a sharp lowering of their level that warming influence
is r emoved , which can be expressed in a decrease of the geotherma l gradient
by a factor of 1.5-2, which in turn leads to increase of the thickness of the
frozen rock masses also by approximately 1.5-2 times.

Approximate Estimate of the Change cf Thickness of Permafrozen Rock Masses
Under the Influence of Change of the Water Leve l Under the Frost (Example 24)

Determine how the thickness of a permafrozen rock mass on the area of a devel-
opmen t changes if it is established that as a result of use of waters below
the frost their leve l on that territory will drop in 10 years 15 meters below
the base of the frozen rock mass, recorded at a depth of 24 meters in a frost
survey conducted in the stage of searches according to a plan task and working

• drawings.

The territory is character ized by the following ground-frost conditions . Fr om
the surface to a depth of 18-20 meters lies a format ion of frozen alluvia l
deposits consisting of b arns with thin layers (about 5 cm) of sandy b arns and
sand. Below (to a depth of about 50 meters) lie water-bearing sands and coarse
gravels of a riverbed fad es. The permafrozen rocks have an average annua l
temperature (t

0 
— t~ — tm) of -1.5 and are characterized by the following

indicator s of properties : for loams 
~sk 

— 1.2 g/cc, wvol 
— 30%.and A — 1.3

kcal/(m)(degree )(hr); for sands — 1.78 g/cc , w 1 
— 28% and A —  1.8

kcal/(m)(degree)(hr), and the filtration coefficIent of the sands is “-‘10 rn/hr.

The waters below frost are contacting. As a result of their influence the

temperature gradient in the frozen rock mass below the layer of annua l fluc-
tuations (7 meters) reaches 0.09 degree/meter. When the temperature regime
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of the rocks is steady the geotherma l g rad ien t  in the w a t e r - b e a r i n g  leve l is
“J 0.06 degree/meter (found from the condition of equality of the hea t fluxes
dir ected toward the lower boundary of the p ermafrozen rock mass and away f r om
it).

Dur ing Use of the water-bearing leve l for 10 years the heat flux toward the
lower boundary of the frozen rocks decreases by a factor of 1.5 on account of
a considerable reduction (by 15 meters) of the level of the subsurface waters
(the level loses contact with the frozen rock mass). The moisture content of
the sand diminishes to 7% by volume when the subsurface water level drops.

So lu t ion .  1. We determine how the temperature gradient in the frozen rock
mass varies in the new stead y temperature reg ime corresponding to a reduction
of the subsurface water leve l by 15 meters and a decrease of the heat flux
toward the frozen rock mass by a factor of 1.5.

The heat flux toward the lower boundary of the permafrozen rocks before ~tart
of use of the level , obv iously, was q — A g — 1.8 x 0.06 — 0.108 kcal/ (m’)(hr) .

Af ter 10 years of use it became

L~~~- - Q (~
’ hU 1’ ’ ~ ii~~i -

Consequently, in the new steady regime the temperature gradient in the frozen
rock mass must become

~~~
° 

-
~~
-
~~ ~~~~~ o•h•;~ ~~~~~
‘M 1 ,3

2. We find the thickness of the permafrozen rock mass corresponding to the
new steady regime provided tha t the average annua l temperature of the rocks
rema ins unchanges and equa l to _l .50. Then

JJ = 7 - • .)~j•• 7 • ) ;~; 3•
~ ~0 (11

Consequently, as a result of use of the water-bearing leve l the thickness of
the permafrozen rock mass will increase by 11 meters.

3, We find the t ime t in the course of which the thickness of the permafrozen
rock mass increased by 10 ~eters. To do that we use the Stefan formula (3.7.7),
from which we obtain t — H

fQØ
/At 8700years.

Since the moisture content by volum~ of the freez ing sand is 7%, then, conse-
quently, Q

~ — 70 x 80 — 5600 kca l/m . If it is assui~ed that the mean tempera-
ture t on ~he lower boundary of the frozen rock mass (at a depth of 24 meters)
In the period of freezing is -0.3°, that is,

I • g (2-1 -7 ) — (  1 ,~ O ,0~ 1 - 17)
2 - t - M

then we obtain

I l ~~- 5600 
— ———— -— - 143 ~ i)~J .

0. 3 -
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U pon increase of the thickness of the frozen rock mass the genera l thawing
basin on the development area can prove to be within the contour of the per-
mafrozen rocks. Before use of the water-bearing leve l and in the presence
of a n o n - t h r o u g h  ta l i k , widening of the roads at the expense of the lawns
would lead to the formation of frozen rock masses under them and would not
lead to ic Ing effects under the buildings . Icing in tha t case , often compli-
cated by humocks of heaving, can form on the lawn areas.

The development of icings on the development area can occur not only when
the thickness of the permafrozen rocks changes as a result of change of the
lower boundary cond i t ions . Sometimes leading  to the formation of icing Is
change of the upper bounda ry of permafrozen rocks, espec ial ly in the ca se of
the formation of a thawed layer separating ~i seasonably frozen layer from a
permafrozen layer , which is characteristic of transitiona l types of seasona l
thawing . Often in that case the thawed layer of rocks becomes a collector of
water below frost. The latter also leads to the formation of icing . There-
fore prediction of the separation of the layer ~ -from a frozen rock mass on
sections of a deve lopment is a very important task, espec ially for such regions
as Zabaykal’ye , where icing is widespread.

Calculation of the Thickness of a Thawed Layer of Rocks Separating a Season-
a l l y  Frozen Layer from a Permafrozen Rock Mass (Example 25)

In the course of a frost survey it is established that within the limits of
an investigated region high -temperature frozen rock bodies , the average annua l
temperature of which varies in the range of -0.5 to -.1~~, are widely deve loped.
In the upper par t of the profile the deposits consist of alluv ia l sands ,
underla in by b arns from a depth of 15 meters . The sands have the following
characteristics: 

~sk 
— 1700 kg/rn3; w — 15%, A.~ — 1.8 and — 1.5 k ca l/ ( m )

(degree)(hr); C — 434 and C — 561 kcal/(m )(degree); Q — 20,400

kcal/ m3. The average 10-year air~~~~~erature in the region ta i r  
_ 3 • 7

0~~

the amplitude of air temperature fluctuations is 21° and the heigh t of the
snow cover on the average reaches 0.3 meter at a density of 0.2 g/m 3. In
separate years the average annua l air temperature increases to _l .50 and in
that case an increase of atmospheric precipitations is noted in the winter ,
as a result of which the height-of the snow increases to 0.4 meter.

Solution. 1. For determination of the conditions of formation of the thawed
layer between a seasonally frozen layer and the surface of a frozen rock mass
it is necessary to investigate regularities of the change of the temperature
reg ime of the surface of the soil  in the layer 

~ 
in the course of a number of

years (the period of use). Elevation of the temperature of the surface under
natural conditions usually is connected with elevation of the air temperature
and increase of the snow hei ght. Elevation of the ground temperature in the
layer J~ as compared with the tempera ture of the surface  of ten  occurs under
the influence of the infiltration of suimner atmospheric prec ipitatêons . ln
the investigated reg ion it has been established that elevation of the of
the rocks on account of infiltration of prec ipitations amounts to +0.5 (see
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the  c a l c u l a t i o n  o~ ~~ in example 20, Ch.j~ ter 5). T h i s  does not  1€-ad  to
the f o r m a t i o n  of non-s ? Iuen t  fr o s t  in years  when t • is close in its va lue
to the 10-year average , and the height of the s~

g (h 
n~ 

does not exceed

0.3 meter , since according to (5.3.10) i~t 21 x 0.l76~~ 
S 

~~~ — t
air 

+

+ ~~t -3.7~~ + 3.7~ — 0
0
. We determine tha t t~ t - + ~ t . We find

50 J 0 prec
L\tA for the given conditioru with the nomogram (Figure 33), equa l to -1.4°.
Then t~ — 0 - 1.4 + 0.5 — -0.9° (for calculation ,,f t and t~ In detail , see
Chapters 4 and 5, examp les 24, 21 , etc). Having obta ifled by means of such
calculations t and t at different comb i nations of t and h , the valuesC) f  a ir sn
of which are taken on the basis of meteorologica l da ta , i t  is p oss ib l e  to
readily determine the sought conditions. Thus, in the investigated reg ion in
years with t . — -1.5° and h = 0.4 m we get ~ t 0.225 x 21 ~~ 4.7° and

air SO Sn

-1. 5 + 4. 7 = 3.2 0
, tha t  is , very f a v o r a b l e  c o n d i t i o n s  for  sep a ra t ion  f

t~ e layer of winter freezing from the surface of the permafrozen  rock mass.

2. In order to determine te what depth the roof of permafrozen rocks descends
in warm years with ta r 

— -1.5 , obvi ous ly  it is necessary to ca lcu la te the
depth of the potentia’ thawing of rocks (see Chapter 4, section 3 and example
5). The following are the starting data for that: t 3 0 ; A 21 - 4.7 +

+3.2 19.5°; Q~ 
— 20,400 kcal/rn ; C,,,01~~ 561 kcal/(m3)(degre~~) and -

~~~ 

=

— 1.5 kcal/(in)(degree)(hr). With the nomogram (Figure 17) we find that

p-Ot 
— 1T~ x 2.4 -~~~ 3 meters. To that one must add the increase of the

depth of thawing on account of infiltration of sununer precipitations.

The ue~ th of seasona l thawing is “ 2.6 meters at t~ -0.9°, A 21 - 3.7 —

— 17.3 and the same values of Q0, C i t  and A.~~• Consequently, in a warm

year the roof of a permafrozen rock mass can drop by 0.4-0.5 meter (with con-
sideration of convective heat exchange) as compared with its average position
over the years.

3. We f i nd  the th i ckness of the thawed layer of rocks wh ich is preserved in
the course of the ent ire winter period above the roof of the permafrozen rock
mass . The thickness of the layer is equa l to the difference between the depth
of the potentia l thawing of rocks and their seasona l freezing in a warm year.

With e~ nomograrn (Figures 17 andll9) we determine the depth of seasona l freez-
ing at the following initia l data: t

o 
— +3.2 °; A — 21 - 4.7 — 16.3°; —

— 20,400 kcai/m
3
; Cvol f 

— 434 kcal/(m
3
)(degree); .

~~~ 

— 1.8 kcal/(m)(degree)(hr);

— x 1.7 — 2.3 meters. Thus the thickness of the thawed layer preserved
to the end of the winter  period is not less than 0.7 meter (~~~~~~~~~~~ -

In all calculations of the change of thickness of frozen roc k masses i t  is
necessary to take into consideration that that change occurs in the course
of t ime a nd that  It is necessary to estimate the importance of that factor.
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In 1- ar t i cu l a r , the r a t e  of change of the  t hic k n e ss  of the f rozen  rock mass or
the rate of new f o r m a t i o n  of f rozen  rocks should  be compared w i t h  the  t ime of
e xj s t e n c C  of b u i l d i n g s  and other s t ruc tu res .  For ai pr o x i m a t e  est ima t j on  of

the rate of perenn ial thawing of frozen rock masses or their new formation the
very simt be Stefan fo r m u l a  (3.7.7) can be used.

For analysis of the regularities in the  f o r m a t i o n  of the t h i c k n e s s  of perma-
frozen rocks , made In the course of a frost survey, and also for calculation
of the new formation of passages and thin frozen rock masses, dur ing the fore-
cast it is necessary to calculate the depth of the permafrost , assuming that
the temperature regime on the sur face  of the soil varies according to a periodic
law.

The forecast  of the change of th ickness  of permafrozen rock masses is of grea t
importance in any type of economic opening up of territory. In all cases the
pr oblem is reduced to calculation of the temperature fields and dynamic s of
the f r o n t  of freezing of rocks . Presented in example 26 is a method of approxi-
mate estimation of the change of thickness of frozen rock masses. More pr ecis e
solutions in the determ ination of the thickness of permafrost are given in sec-
tion 1 , Chapter 9.

Calcu lation of the Thickness of a Permafrost Layer (Example 26)

In a frost survey the presence of thin (20-25 meter )  f rozen rock masses in
river valleys was established . Presumably th is  can be connected wi th  the
f o r m a t I on of frozen rocks in the cooling period observed in the 300-year fluc-
tuations of the air temperature. To prove that connection , one should calcu-
l a t e  the depth of the permafrost  if it is known tha t  the  average annua l tem-
perature of the sur face  of the soil  is 00 and the amplitude of fluctuations
of the average annua l temperatures durIng 300 years reaches 80. The f rozen
rock mass Is composed of alluvia l sandy b arns conta ining b arns of sim i lar corn-
posl t ion ,3the specif ic gravity of the skeleton of which can be assumed to be
1200 kg/rn . The average moisture of rocks for the layer is close to the total
moisture capacity and is 337.. The therma l conduc t iv i ty  of the  f r oz e n  sandy
loaxns and b arns v a r i es  in the range of 1. 2 to 1.35 kca l/ ( in) (degree ) (h r )  and
for calculations can be assumed to be 1.3 kcal/ (m )(degree)(hr). If it is
taken into account that about 5% of the water in rocks did not part ic ipate
in the phase transitions during freezing (taken in accordance with the tem-
perature regime of the rocks and the curie of unfrozen water -- see examp le
7) we determine tha t Q~ ~~ 27 ,000 kcal/m and E

~~ 1~~ ~ 470 kcal/’(in3)(degree).

The geothermal gradient in the frozen rock mass Is 0.02 degree/meter .

Solu t ion. We calcula te the depth of permafrost with fromula (4.2.1), which
in a form more convenient for calculation is written as follows :

(.4/.,
~ .1!/.~ ~i( ~ 

( 1  HI - u)
whore
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The g iven e q u a t i o n  is t ranscendenta l , s ince  the lower boundary -- the average
r e n n i a l temp erature and the  amp l i t u d e  of temperature  f l u c t u a t i o n s  on the

base H -- are determined as a function of the depth of the permafrost H. And
so it is solved by trial and error , that is , severa l va lues of H a re  g iven and
identity of both its parts is achieved upon substitution in the e q u a t i o n.

I. We will assume that
0

H — 10 m~ Th en we have : t = 0 + 0.02 x 10 — 0.2°,
A 0.5 (8 + 0.2) 4.1 ; ~ 28.7; ~3 — 48;

-‘ i :-o -

2r ’ - O . ~/ )  - -

_____ - _ :‘ _~~~~~~ 1! ih
— —  

2 1 ,1 - -1 7() - 2 000

When all the starting values are substituted in the equation , identity is not
obta i n ed , s ince the r i ght side of the equation , that Is,

- 
- u:i) 2l~ - -

L~~ t :r (~/ f  ~~C -~ 
- ‘iI ~-~ 

U)

is equa l to .
~“ 19 in and on the lef t  side H — 10 m.

2. We are given other values of H , for examp le , H — 30 cm. Upon correspond-
ing substitution we f ind that

/1 - -~~‘:r 
- (110 (~f2 

1-41/ c o i l  ~S ( , ;  u I  .
~ 

-

Consequently , identity also is not obta ined in that case.

To find the unknown va lue of H we use graph ic construction , as was done in
finding i~ t and ‘~t (see Chapter 5, examples 10, 20, etc). It is evident

from Figure 59 that the depth of permafrost of the indicated rocks in 300-year
fluctuations of temperature on the surface of the soil is 24 m , which corre-
sponds to the thickness of the frozen rock masses on the investigated section .

6. Forecasting Change of the T empera ture Regime of Permafrozen Rocks in the
Layer of Annua l Temperature Fluctuations

In solving a number of critica l problems (for example, in dete rmin ing  the
depth  of bedd ing of foundations) a need arises for classification of the dy-
namics of change of the tempera ture reg ime of permafrozen rocks in the layer
of annua l fluctuations of temperature. A solution of this  problem in the
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general case with cons idera I Ion of phase  t r a n s i t  ions in the  ronge of tempera -
tures can be found only by means of a computer. Sirnultane- usly with tha t
there exist approximate methods of solving that 1 r ob lem . In the l a t t e r  case
it is assumed initially that the phase t r a n s i t io n s  of water in the underlying
permafrozen soils during temperature variation In the range of 0 to -10 or
-15 are relatively small in comparison w i t h  phase t r a n s i t i o n s  in t he  l a yer
of seasona l t h a w i n g.  Because of t h i s  it is a d v i s a b l e  to base the approxi-
mate calculation scheme on the Introduction of the e f f e c t i v e  heat  c ap a c i t y ,
which takes phase transitions into account.

One should proceed as follows in determining the effective helt capacity.
By means of a f o r m u l a  fo r  d e t e r m i n i n g  the depth of seasona l t h a w i n g  ( f r e e z i n g )
f rocks (4.1.4) the depth of the extent of a n n u a l  t emp e r a t u r e  f l u c t u a t i o n s

in a p e rmaf rozen  rock mass Is calculated with consideration of the phase t ran-
sitions of the unfrozen water in I CO temperature range (see example 7). Then
the obtained depth h below the layer .! should be substituted in the Fourier
equa tion (3.3.4) and from it the effective heat capacity C should be deter-
mined . In finding C instead of A we should Introduce e into the f or m u l a

( w i t h o u t  consider~~~~on of asynuflet?y ) ,  that is , Aj 
—

The charac ter of the temperature field in a permafrozen rock mass can with
adequate approx imation be written with equation (4.2.1) If C Is substi-
tuted instead of C. e

Dete rmina t ion  of the max imal t empera tures in layer  h is of great  p r ac t i ca l
importance. According to the SNIP (Construction Norms and Sp e c i f i c a t i o n s)
for ca lculation of the depths of foundations a diagram of forces is deter-
mined f or f r eezing in the layer of sea sona l thawing and in the unde r ly ing
layer of permafrozen rocks. For that purpose it is necessary to have the
temperature distribution in the so i l s  and a characterization of their proper-
ties for the most unfavorable moment in relation to the stability of the
foundation during heaving. Such a moment is the t ime of connection of the
freezing seasonally thawed layer with the perrnafrozen rock mass. It is pre~
cisely at that time that the maximal forces of freezing and the maximal forces
of heaving develop in the seasona l l y  thawed layer , causing bu lg i ng of the
foundation. The temperatures in the permafrozen rock mass (in the layer h),
which determine the cha rac t e r i s t i c s  of the proper t ies  of permafrozen rocks
and the diagram of forces of tveezing of the ground to the foundation , which
restra in the latter from bulg ing, must be calculated for that moment .

The temperature distribution by depth in the layer h a t  the moment of connec-
tion of the freezing layer ~

‘ with the frozen rock mass , evidently, must be
determined under the condition t — 0 on the base of the layer ~ . In con-
nection with the fact that a steady-state process is examined periodically ,
calculation without consideration of a concrete moment of t iiie can be done
with formula (4.2.1), in which the term corresponding to the geothermal gra-
dient also is not taken Into cons ideration.
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Fi gure 59. Graph for  f i n d i n g  the F igure  60. T emp erature distribution
depth of p e rmaf ros t .  in the layer  h a t  the moment of t ime

T/ 4.

Calculation of Temperatures on the Basis of Depth in Layer h at the Moment
of Connection of the Freezing Layer ~ Wi th the Permafrozen Rock Mass (Ma xima l
T emp eratures According to SNiP I I -B . 6-66) (Exampl e 27 )

Given: an average annua l ground temperature of _30; the following thermo-
physica l properties of the ground : )~~ — 1.5 kcal/(m)(degree)(hr); C

vob_ f 
—

— 460 kcal/(m
3
)(degree); Q~ 3168 k ca l/ rn

3 
(see calcula tion of ~~~~ 

in the
layer h in example 7).

SOlution. 1. We determine the thickness of the layer of annua l temperature
fluctuations in the permafrozen rock mass with formula (4.14). As follows
f rom example 7, for the given conditions h — 3.9 rn . At — 1.8 m the entir e
layer of annua l temperature f l u c t u a t i o n s  w i l l  be: H — 1.8 + 3.9 5. 7 rn .

2. From equation (3.3.4), making the appropriate substitutions , we f i n d the
effective hea t capacity:

? T (~~- )  
1 6 . 1 )

I . ~‘,, C~
() II .5t;

(.. - - -
.

‘ 15 ‘I

¶y)°~7 KiW I / U’.

3. ~ie determine the temperature disfttbution for the depth h at the moment
of Its jolnêag with the layer ~ . It is obvious that under boundary con-

ditions on the base of the layer ~ of the type t
1 

(1 - s in  the ~oln-
tag of the f reez ing  la , er f and the frozen layer h sets in at the moment of
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t ime V — T/4 . In our case the c a l c u l a t i o n  of the maxima l t eim - r i  tures  in the
layer h is made f rom the depth of 1.8 m to  the  doj th of 5.7 in w i t h  t h e  -;t e 1.
z — 0.3 m with the f o r m u l a

- - 1 )  ( I Xp Z / -- - ( I - ~i i 2

At I-r 
- 1 ,

The r e s u l t s  of the  c a l c u la t i o n s  are presented in lable 36 and on the gra~~h
(Figure 60). In case of need the calculation can be made f ir an y  depth w i t h i n
the limits of the layer h.

Ta b l e 36. Calculation of t at the depth h with formula (6.6.2)max
a I . - .~~.i J, -

C .  j. .~~~, ~~~~~~~~~~H 0 , 1 - 1 ~~~~ 3 l : ~ 1~~~~:!. 1 2
I 

____  
I -

- 
. ( ; i - . C.io-

- —
. ‘ .1  2 - 1  2 . 7 3 U :H 1 2  43 3~ 

—

1 H 

I

~ 

1.3 - .~ 3 . ! i H ~ 3 . 1 — 1 . !  —3.  II :I j -  ‘ - H

Key: a - Depth h w i t h  z — 0.3 in b - Depth of l ayer  ~ + z c - t at
depth h 

a

i - o r  calculation of the diagrams of forces of freezing together in th~ layer
J it is necessary simu ltaneously with determination of t in the l a y e r  h
to determine also the temperature dIstribution in the lay~~

X 
at the moment

of joining. The change of t emp era tu re  in the  layer  ~ at tha t t ime can be
taken according to a linear law with sufficient accuracy.

Thus the prob lem consists In finding the temperatire of the surface at the
moment of time under consideration and in determining the length of freezing
of the seasonally thawed layer. The latter can b~ found with the very simp le
Stefan formula (3.7.7). In that case the t ime must be read from the moment
of inversi on of s ign of the tempera tur es on the  su r f ace  (t ). The v a l u e  of
the sum of the frost-degree-hours c2 as a function of t ent~ ring formula (3.7.7)
Is determined d u r i n g  harmonic  o s c i l l a t i o n s  of the typ e t o 

+ A sin 2 r7/1 from
the corre lation

~~ - 10 (~ - 
- 

‘
~~~~~

- ~ in  )r,~ l~~~
! (r ~ , i~~ ( . ~~ (3)

where t — T/2 + T/2TT arc sin t
1
/A is the moment of start of freezing of

the seasonally thawed layer.
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i h e  moment of t ime T . a t  t he  g i ven v a l u e  of .~ is r e a d i l y  de t e rmined  by s o l v i n g
t r a i i -,c -u enta I qua t~~ei (b . 6.3) if the v a l u e  of f~ from the Stefan equat ion is
s u b s t i t u t e d  in i t :

1 
- , ~, - 

( I , 6

To s im ~ l i f v  f i n d i n g  the t e i r ~ e r at u r  of the s u r f a c e  a t  t he  moment of j o i n i n g ,
t ho  r e su l t s  ~f s o l u t i o n  of equation (6.s.4) at d i f f e r e nt  va lues of A and Q
a r e  r duced I t he  cor r e  -end log nomograms • The ind icated  grap hs (F?gure
~I l )  i l l u s t r a t i n g  the  d ep e n den c e  of the temperature of the  s u r f a c e  a t  t h e  moment
of j o i n i n g  (r .)  on t h e  a v e r age  a n n u al t elil l era ture  cf  t h i  ground t~ a t  g ive n
v a l u e s  ef in a bro ad range  of v a l u e s  of A , were cons t ruc ted  in accordance
w i t h t h e -  t’T~-e~ of nomo grams of the  d i - ;  t h s  of sea sona l t h a w i n g  (see Figu~ es 14-
19). Each n e -m o g r am  re 1 r e - ,ents  cu r v e -~ - h t . in e d  a t  C 

~ 
= 500 kcal/ (m )(de-

~ r e )  
ç
or A — 5, 10 , 20 an d 30

0 
a t  Q~~ 

= 5000 , io ,o~5, 20 ,000 and  40 ,000
kca 1 ‘ in r e sp e c t i ve l y .  I t  is ob v i ou - , ~ha t In t i . - 

~i I roximat J i l l  u n d e r  cons id-
e rat  ion n e i t h e r  t . nor t h e -  v a l u e s  f the  I m e -  of joining are de~ en den t  on the
va lue  of the ther i~a l  c o n d u c t i v i t y  f the ground .

A l l  curves of t . (see F i gure 61) --,t , r t  f r o m  the  o r i g in  of t he  c o o r d i n a t e s
( s In c e  a t  t~ — the  depth of seasona l t h a w i n g  co inc ides  w i t h  t h e  p o t e n t i a l
t h a w i n g  an d , c o n s e q uen t l y ,  t . — 0) and ends on t h e - -  t~ axis at the point t

k 
A

( s ince  In t h a t  case ~ — 0). ~ ~s 
0

Q -~ :” i - - - ’s~ 
I . , . ~~J 2~:3’~21 - - ‘

~~ 
- - -

.1 ~~~~ ~1 0  ~ 
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Figure 61. Nomograms for finding t~ at the moment of join-
ing of the layer ~ with the ~ermafrozen rock mass .
Kay: a - kca l /m 3 b - t ., C
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I I ) d e 1- Cn d e n t ly  of A
a 

and Q~ the  f orm of the  curves of t~ as a f u n c t I o n  of t

Is i d e n t i c a l :  a shar 1-  d rop  of t . at values of t~ close t i  zero and  a somewhat
sI ‘wor i’~crease after reaching ~ m i n i m u m . I t  is c h a ra c t e r i s t i c  t h at  the  v a l u e s
of t~ at which the mini ma l va lues of t . a r e  reached decrease s l i g h t l y,  a lt h o ug L
A , v l r i e s  in  a wide range In that case~ 9nce it Is evident on the noinograms
(~
,ee- Figure 61) that at Q,~ — 10 ,000 k c a l /m  fo r  A 0 

— 5
0 

the minima l t~ of _ 60

corresponds to t~ — _
0

, whe~ eas a t  A 30
0 

t h e  minima l t . of _340 is achieved
I t  a value of t~ of only -4 • The c a l c u l a t i o n s  show tha t 3 at  d i f f e r e n t  v a l u e s
of and  d i f f e r e n t  va lues  of C the va lu es of t . f o r  d i f f e r e n t  v a l u e - --. of A 0
d i f f e r  very  l i t t l e  in practice , and this 3makes It possible to  use the  d i a g r a m
f o r  ca lculation ‘if t~ at C — 500 kcal/( m )(degree) for other  v a l u e s  of C.

Calculation of the Temperature of the Surface of the  Ground a t  the  Moment of
J o i n i n g  the Freezing Layer ~ With the Permafrozen Rock Mass (Example 28)

On the basis of frost survey data it is known that a construction section w i t h i n
the limits of a layer with annual temperature fl~ ctuations (15-18 m) Is com-
posed of loams characterized by — 1200 kg/cm ; w — 27%; — — 1.5 kcal/

/(m)(degree)(hr); Q
0 

— 21 ,120 kca l /m 3 
at Wun 

— 5%. The average annua l t em-

pera ture  on the  su r face  of the so i l  and the average annua l temperature of the
ground Is -3.5° (t t~•), and the amplitude of the annua l temperatur’. fluc-
tuations on the surface of the soil , provided tha t the snow is removed in the
winter , is 20°. Determine the t ime of ~o&ning the freezing iayerj with the
surface of the permafrozen rock mass and the temperature of the  s u r f a c e  of the
soil at that moment.

Solution. 1. We determine ~tIth the nomogram (see Figure 17) the depth of
seasona l thawing of the ground at the construction site under the fo~~liw ing
startin~ conditions : t — t~ — -3.5°; A — 20°; Q

,~ 21 ,120 kcal/m ; C — 500
kcal/(m )(degree); A

~~ 
°l.5 kcal/(m)(deg~ee)(hr). We find tha t 

~nom 
1,8 m

and , consequently, the unknown value of ~ is ~~1 2.2 m 
~~ ~~~m 

x f~~~ 
).

2. We determine the sum of the frost-degree-hours necessary to freeze the
layer .~ under the given conditions. In accordance with (6.6.4)

2 2 ~~~~~ ! I~~U 3 I 0 . ~ , ( ~- ; .~ 3 .

3. We find the duration of freezing ( t  — ~ ) of the layer J by solving
transcendental equation (6.6.3) at — 

034 074 degree-hrs and

~ 
43~r) 

(i  
I 

~~~~~~~ ~~ ) ~ u~
By determining t’ by tr&a l and error (see Table 37) we find the sought
value of r ~ 6849 hours under the given conditions . Consequen t ly the leng th
of freezing of the layer ~ before joining with the permafrozen rock mass is
2354 hours.
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table 37. For finding the 
temperat~~~ ~f 

freez ing of the layer t i  the

permafrozen rock mass

— 

- ~0 
~ C C  

- ‘C

- 
~

2 ;o C) ‘
- ~iC1 ,I

I ,,~~ i) 
7’ i 11 7

I -; ‘ -J  33 1i 1 ’C, . I

Key~ a - Expt No b - ~~~~ hr c - 
degree_hour s

~~• With the nomogram 
(Figure 61) we find 

the temperature on 
the surface of

the soil at the moment 
t., when complete 

freezing of the 1ayer~~ 
occurs (fre es-

ing from below Is not ta~ efl into account in 
that case). The 5

tartlflg da ta are:

— 2 1 ,120 kcal/ 103; ~ — -3•5~ 
and A 20°. We find on the 

diagram that for

those condition S ~ 
— ~~~~~~~ 

0

7. Regularities of the 
Change of Ther oPhYs~~

at  ~~ opertie5 of 
Frozen Dispersed

Rocks

I. Depefld~~ ce 
of the Heat CapacitY 

of the Skeleton of 
the Ground on composition

and TemperatUt~

The average heat 
capacitY of the 

skeleton of the ground 
was determined by 

the

accepted wethod in 
the range from +22

°C to ~~~~~ 
where the latter 

varied from

0 to -1~ 0 C.

The results of exper
1fl~en

tat determin0tbo~ 
of the heat capacitY 

of the skeleton

of soils as a 
function of temperatl~

re (Figure 62) stake 
it ~ossib1e 

to consider

that the heat capacity 
of the skeleton 

of kaolifl0
1
~ 

practica~~ Y 
constant in

the ent ire range 
of temperatures from 

+20 to -90 (C — 0.209

The heat capacity 
of the skeleton of 

heavy b arns dec~~ a5e5 with 
reduction of

the temperatifl~~ 
That dependence is 

expressed with the 
formula

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

(6 7.1)

and represents the 
linear change0

of the heat capacity 
over the entire range

of temperatures 
from +20 to -t20 C.

DetermtflatboT~
s of the heat 

capacity of different 
fractions of alluv ia l quartz

sand give the general 
curve of the temperat%-~~ 

dependence Of the heat 
capaCItY~

which is a ~~~~~~~~~~~~~~~~~~~ fU f lc t I O f l  In the same temperature range~~

C~~ 0,183 - - - 0,00020 (22.6 -- - 1 ,, 6 .7 2
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3 - quartz sand , a - C 
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The conducted investigation permits drawing the conc lu s ion  tha t  the tempera-
t u r e  c o e f f i c i e n t  of heat  capaci ty  of the ske le ton  of the rocks is s u f f i c i e n tl y
s m a l l  and should be taken into consideration only in considering broad tem-
pera ture  ranges . Thus the change of the  tempera ture of a sample by 100 °C
reduces the heat capacity of b arns by 7% and of sands by 10%.

2. Dependence ci the Heat Capacity of Soils on Composition and Temperature

On the basis of the obta ined values of the heat capacity of the ske le ton  of
soils and the amount of subfrozen water as a function of temperature the
s~ ecific heat of moist ground is calculated in the thawed and frozen states:

)4i) (:
~, 

1 (~~•,j 
- - -- r —i-

~
3-13-—-;----;::—----— •

I ii) C~ - ( ‘~, 7, C~ (w- C. ,1 ) -
04 - - - — —

~~
- - - - 1~~i 4 )

Presented on the diagrams (Figures 63 and 64) are the dependences of the ca l-
culated values if the hea t capacity on the degree of moisture saturation and
the specific weight of the skeleton for clays and  sands. In the frozen state
the  heat capacity of clays was calcu lated without consideration of the amount
of unfrozen water.

The spec i f i c  hea t of the ground (F igure  63) incr eases wi th increa se of the
degree of moi .~ture saturation and is greater the smaller the specific weight
of the skeleton. The change of the specific heat is greater in the thawed
than in the frozen state. All the curves presented on Figure 63 converge at
the zero value of the degree of moisture saturation (dry ground). The increase
of the specific heat with increase of the degree of moisture saturation at
large va lues of the specific weight of the skeleton can be assumed to be lin-
ear , and at small values , the increase is greatly decelerated in comparison
with the linear dependence.

The volianetric heat capaci ty (Figure 64) increases linearly with increase of
the degree of moisture saturation. The increase is steeper th e sm a l l e r  the
specific weight of the skeleton of the ground. Diagrams 63 and 64 were con-
structed in a wide r~nge of values of the specific wei ght of the skeleton ,
from 0.8 to 2.4 g/cm , covering practically all encountered values , and there-
fore they can be used to determine heat capacity instead of ca lculations with
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F i g u r e  63. Dependence of the specific Figure 64. Dependence of the vol-
heat  (C - C ) of sand (broken umetric heat capacity (C - C )

spec sk vol sk
line) and clay on q in the thawed (a) on q and (g/cm ) in the thawed
and frozen (b) states at : (a) and fr~zen (b) states. I -3clay;
1 - 9.8; 2 - 1.2;  3 - 1.6; 4 — 2.0 2 - sand . 1 - C - C k’ (cm )(deg)g/cm . 1 - C

spec 
- C

k~ 
kcal/(g)(deg) vol s

the presented formulas (6.7.3 and 6.7.4). The diagrams were constructed
without consideration of the amount of unfrozen water and in the frozen state
the values of the heat capacity are slightly understated.

Reduction of the temperature in frozen grounds has far less influence on the
heat capacity than the transition from the thawed to the frozen state. Thu s,
for exam~ le , for alluv ia l sand with 2 — 22% the change of temperature from
0 to -20 C reduces the specific heat from 0.34 to 0.25 kcal/(g)(degree), and
further reduction of the temperature to -120°C reduces tha t va lue to 0.21 kcal/
(g)(degree) .

According to the obtained exper imenta l data the temperature coefficient of
the specific heat of the skeleton -is maxima l for sand and amounts to 0.2% per
degree. The specific hea t of moist sand also diminishes at the same rate.
Probab ly  tha t  value should be considered the upper limit of possible reduction
of heat capacity with reduction of temperature. That change is substantia l
only in the consideration of a wide range of temperatures.
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3. Dependence of the Coeff icients of Therma l and Temperature Conductivity of
Soils on Their Composition , Moisture Content and Tempera ture

Under natura l conditions soils are encountered with a moisture equa l to the
hygroscop ic and higher. In soils used for study of the coefficient of tom-
je-rature conduct ivity, the hygr oscop ic moisture corresponds to a degree of
rn’-isture saturation of 0.05 for - sands and ‘~~~ 0.16 for heavy b arns.

In the process of investigations the degree of moisture saturation given is
f r om 0.1 - 0.2 to 0.9 - 1.0, that is, practically from the hygroscopic mois-
ture content to tota l moisture saturation. Within those limits of moisture
a l l  the obta ined dependences of the c o e f f i c i e n t s  of therma l and temp erature
c o n d u c t i v i t y  are  v a l i d .  The thermophys ica l charac te r i s t i c s  of dry ground were
not taken into consideration In the calculations. This is espec ially important
for sand s, in which a very sharp change of the coef f i c i e n ts of therma l and
temperature conductivity are observed at low moisture contents (Chudnovskly,
1955).

Presented below are the results of the processing and generalization of the
coefficients of therma l and temp erature  conduct iv i ty  obtained in recent years
for each type of ground. Distingu i shed separately is the influence of the
transition of ground from the thawed to the frozen state on the coefficients
of therma l and temperature conductivity, which are of spec ia l practica l interest.

/The c o e f f i c i e n t  of temp erature  conduc t iv i ty  of so i l s  (
~~~)/. For samples with

a destroyed structure, experimental determinations have been made of:

a)  the dependence of the coefficient of temperature conductivity on the de-
gree of moisture saturation;

b) the change of the above-indicated dependence when the temperature is
lowered to -120°C;

c) the dependence for b arns on porosity at two values of the degree of mois-
ture saturation in the tha wed and frozen states.

The dependence of l’~ on the degree of moisture saturation of soils. In b arns
and clays the results of determination of the dependence of the coefficient
of temperature conductivity on the degree of moisture saturation at the same
porosity (about 0.42), close to the average va lue for those soils , are presented
on Figure 65. The d ivergence of the exper imenta l po in t s  from the averaged
curves does not exceed +5%• In the thawed state (Figure 65 a ) c ( increases with
increase of the degree of moisture saturation , reach ing a maximum at va lues of
the latter of 0.6 - 0.8, and then decreases.

Curves corresponding to different soils are disposed fairly close to one
another, and therefore a single genera l dependence of them can be. expressed ,
the errot of which does not exceed +10%. The equation of that generalized
dependence of o~ on the degree of moisture saturation (q) has the form

- 
fl , 0007)4 4 ),0033 l q —0,00252 q2 (4f ~I’ ac) - 

(6 1
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Figure 65. Dependence of the coefficient of temperature
c o n d u c t i v i t y  of so il~ on q in the thawed (a) and frozen
(b) states: I - kaolin; 2 - heavy loam; 3 - medium loam;
f - aver~ gu va lue  of ~ fo r  k a o l i n  and b arns ; 5 - quartz
sand , 0.1-0.25 nm f r a c t i o n ;  6 - qua r t z  s~~nd , 0.25-0. 50
sin fraction ; 7 - s i l ty sand, a - ~d , m / hr

In the frozen state (Figure 65b)I~ also increases with increase of the degree
of moisture saturation , but the form and position of the curves corresponding
to different soils differ much more than in the thawed state and , as is evi-
dent on Figure 65, generalized curve (4) for heavy b arns differs frce~ the
curve for kaolin and medium loam, Whereas f or med ium loam and kao li n the
dependence of the coefficient of temperature conductivity represents a mono-
tonic increase with increase of the degree of moisture saturation , one which
decelera tes after q ~~0.8,and can be expressed by a quadratic equation , for
heavy b arns the analogous dependence has a more complex- form .

Those two dependences can be expressed by a single averaged curve, but with
great  error . An equation expressing the dependence of the c o e f f i c i e n t  of
temperature conductivity of frozen b arns has the form

— — 0,Of ‘ I  )~~J ~ 
).0O22I~- _0,1fl(:)i/1 ( l - ~/~ ac) , ~; 7 6 )

wi th  a mean-square error of abou t 20%. It should be noted that the above-
presented averaged dependences of the coefficient of temperature conductivity
of b arns and clays are valid in the entire range of va lues of q from 0 to 1.

In studying sands, determinations of the dependence of the coefficient of
temperature conductivity on the degree of moisture saturation were made for
samples also with a single va lue of the porosity (about 0.37). The ooef-
f icient of t emperature conduct ivi ty  of quar tz  sand decreases and tha t of
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s i l t y  sand increases with increase of q in the entire range from 0.1 to 0.9,
and in the  reg ion  of values  of q of 0.6-0.9 the va lues  of ~ of a l l  sands

~ r a c t i c al ly  coinc ide (F igure  65.). Comparison w i t h  values  of the c o e f f i c i e n t
of temperature conductivity of dry sand Permits drawing the conclus ion that
the greatest change occurs in the very first stage of moisteningb

Thus for approximate ca lculations it can be assumed that the coefficient of
temperature conductivity of sands varies almost not at all at va lues of q
greater than 0.1. The established regularity is also valid to a consider-
able degree for soils in the frozen state. However , the scattering of va lues
her e is much larger , and samples of the same sand can differ by 20-25% in
values of the coefficient of temperature conduct ivity (see Figure 65).

i’he obta ined dependences of the coefficient of temperature conductivity of
sands on the degree of moisture saturation (at a value of q grea ter than 0.1)
can be represented by genera lized equations for the thawed state within +10%,
and for the frozen state within +25%:

~, 
0 . i ) ) l 5  O OOO77~~ (~~~~ 

‘uc) , (67 .7)

~ t 1 ~~~i) ~~~ , i 5 1 q (~( --

/The dependence of~~ on the temperature of soils in the frozen state,(. The
coefficient of temperature conductivity of b arns and clays in the f r o z e n
state has been determined in severa l temperature ranges from -20 to -120 C.
Comparison of the obtained values for all the b arns and clays shows that the
reduction of temperature has practicably no effect on the va lues and form
of the dependence of the c o e f f i c i e n t  of tempera ture c o n d u c t i v i t y  on the de-
gree of moisture saturation.

Presented on Figure 66 as an illustration are the dependences of the coef-
fic ient of temperature conductivity on the degree of moisture saturation
in three- temperature-ranges for kao l in  and heavy loam~ 0The separate curves
for each temperature range and the mean from -20 to -80 C practically corn-
1.letely coincide.

The i n f l u e n c e  of the temperature o.t the c o e f f i c i e n t  of temperature  conducti-
vity of frozen sand is manifested much more strongly than In b arns and clays ,
but ne clear regularity has as yet been established in tha t change. Thus,
in some cases ~ decreases with reduction of the temperature, and in others
it remains almost constant (FIgure 67) , while in still others it decreases
in the range of -40 to -60 C and increases at lower temperatures. This Is
observed in practically Identica l formations , in the best case d i f f e r en t  in
the t ime of sta y at  a given negat ive  temperature, wh ich , as is known , does
not have to cause any sort of changes in the structure of samples.

The change of the coef f ic ien t  of temperature conduct ivi ty  wi th  reduction of
the temperature In some cases reaches 80%, a nd so it is very desirable to
mak~c’ clea r what nauses tha t change. Possibly the reason for change of i( is
the pcesence of ~n i t ~rof 1ssures and change of the quant i ty  of them when the
tø~’-er; tur-~ Is reduced.
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Fi gure 66. Dependence of the coef- F igure 67. Dependence of the  coef-
f i c i e n t  of temperature conductivity ficient of t ernI erature conductivity
of kaolin (a) and heavy loam (b) on of quartz sand of the 0.25-0.50 sin
q and temperature : I - from -20 to fraction (two lots) on q and tem~ er-
-40 ; 2 - from -40 to -60°; 3 - from ture: 1 - from -20 to  -40; 2 - f rom
-60 to ~800; 4 - f r o m  -20 ~o -80° -40 to _69°; 3 - from -60 to -80°.
(average value), a - o’~,m /hr a - ~~~, m /hr

/The dependence of ~ on the porosity of the  ground (n )/ha s been v e r i f i e d  o n l y
for b arns, The experiments were conducted at two values of q,  0.6 and 0.9,
and the porosity varied from 0.35 to 0.65. The r e s u l t s  are presented on Fig-
ure 68.

In the thawed state the character of the dependence of K on the p o ros i ty  and
the values of Q( themselves at q — 0.6 coincide completely with the values of

~ at ~ 0.9. The coincidence of values of ~ at degrees of moisture satura-
tion of 0.6 and 0.9 is completely regular (see Figure 65),

A t the indicated values of the degree of moisture saturation in the thawed
state increase of the porosity from 0.35 to 0.50 leads to a decrease , and
its further increase to 0.65 has practically no effect on the va lue of ~~.

That dependence can be expressed with the equation

~ 0 ,00607 - ( ) , 0 l ( 1 ~rL o,oi-o~~ ~- -

In the frozen state (Figure 68) the dependence of the coefficient of tem-
perature conductivity on the porosity of loam Is different for the degrees
of moisture saturation of 0.6 and 0.9. Thus, at q equa l to 0.6 ~ Increases
with Increase of n from 0.35 to 0.48 and from then on rema ins a lmost unchanged.
At q — 0.9, ~ is practically independent of the porosity, but the scatter ing
of values reaches 20%.

Such dependences evident ly  can be expla ined by the fact  that in the process
of hea t transfer ice has an essentia l role. At q — 0.6 the replacement of
a portion of the ground by ice increases the “m onolithic character ” of the
system In the sense of heat transfer and , as a result , increases the conduc-
tivity. At q — 0.9 all the pores must be filled by ice and the replacement
of part of the ground by ice has no effect on the “monolithic character” of
the system or, consequently, on the conductiv ity. In the frozen state the
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Figure 68. Dependence of the c o e f f i c i e n t  of temperature
conductivity of b asis on the porosity in thawed (a) and
frozen (b~ states at values of q of 0.6 (1) and 0.9 (2).
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Figure 69. Dependence of the coefficient of therma l con-
ductivity on q in thawed (a) and frozen (b) states: I -

kaolin; 2 - heavy loam ; 3 - medium loam; 4 - average va lue
of >.~ for  kao l in  and b arns ; 5 - quartz sand, 0.1-0.25 mn
fractions; 6 - quartz sand , 0.25-0.50 mmmi fractIons; 7 -
silty sand, a - 0<, kcal/(m)(hr)(degree)

dependence of the coeff ic ient  of tempera ture conductivity on porosity at a
degree of moisture saturatIon of 0.6 is descr Ibed by the equation

aM — 0,00747 - O,036~,z - 0.0349n ?
, (~~1~~~wc) .  (61. 10)

and at a degree of moisture sa tura t ion  of 0.9, as has a l ready been noted ,
does not depend on the porosity.
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/The coefficient of therma l conductivity (~~~)/. The c o e f f i c i e n t  of therma l
c o n d u c t i v i t y  is calculated with the correlation ’

?. i -
~~~~~~

-
~~~- .- 

I I )

In which the experimenta l values of t he  c o e f f i c i e n t  of temperature conduc-
tivi ty, the specific heat and the specific weight of the soils are substituted.
It is quite natura l tha t the character of the change of the coefficient of
therma l conductivity reminds one to a great extent of similar regularities
obta ined for the coefficient of temperature conductivity.

The dependence of A on the degree of m o i s t u r e  sa t u r a t i o n  (q )  of soils. In
b asis and clays the dependence of X on q a t  a single va lue of the porosity
is pr es et i t e d  for  a l l  four  i n v e s t i g a ted  s o i l s  on Figure 69. In the thawed
state (Figure 69a) >., increases a lmost linearly to the value q 0.8, and then
saturation sets in, The curves for the soils under cons ideration are ra ther
ebose together and they can be expressed by a conunon dependence with an error
of ~l0%:

h 0~~-~I ~. 1Gq— - I ,.~ 1(/ ~~5~~~ ’ : — ~ 
.
~‘(1)-o-:ti .

In the frozen state (Figure 69b) the divergence between curves for different
soils is more considerable , although the genera l tendency for A to increase
wi th increase of q Is preserved. Averaged curves of b arns with an accuracy
of about 20% are presented on Figure 69, An averaged ourv e for  f r ozen loam
represents a monotonic - increase of A with increase of q, the equation f o r  which
has the f orm

l , ( h q - —  ~~~~~~~ ~~~~~ 
4~~~~~- ; 1 ( J . q~ 1C) .

The coefficient of therma l conductivity of investigated sands (Figure 69)
increa ses with increase of q. As has alread y been noted f or ~(, a very large
change of A occurs in the reg ion of va lu es of q from 0 to 0.1. On tha t sec-
tt on ,A increases 6 t imes , an d upon fur ther  change of q,  ~ incre ases , and In
the reg Ion of q — 0.8-1.0 the rate of gr owth of A is sl owed down in both the
thawed and frozen states. The scattering of values of A f or d i f f e r e n t  sands
in the frozen state is larger than in the thawed, The va lues of A In terms
of q can be expressed with an accuracy of +25% with a similar dependence:

- I ,01~~ ! ¶

I ,-P~ I .O sj. ~~~~ - 1

fThe dependence of on the temperature of the g~ound/. In loans and cbays
when the temperature is reduced from -20 to -120 C the va lue of A remains
practically unchanged , as was~noted early for V (FIgure 70). In sands, lower-
ing the temperature causes a different change of A , repeating the above-noted
dI’~tinctive features in the cha nge of 0<

f The dependenc e of on the porosity!, as noted above, has been determined
only for b asis. The results are presented on Figure 71. In the thawed state
a decrease of A has been obta ined with increase of the porosity, simi lar to
that existing In the literature (Chudnovskly, 1962).
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Figure 71. Dependence of the coefficient of therma l con-
ductivity of b arns on the porosity. in the thawed (a) and
frozen (b) states at values of q of 0.6 (1) and 0.9 (2).
a - A , kcal/(rn)(hr)(degree )

In the frozen state (Figure 71b), as has already been noted for 0( , the de-
pendende of A at q — 0.6 and 0.9 Is differ ent. In the former case >~ increases
w i t h  increase of the porosity, and in the la tter it remains practically con-
stant,

/Change of ~( and A during the translt%on of soils from the thawed to the
frozen state/. The transition of soil from the thawed to the frozen state
substant ially changes the coefficient s of therma l and temperature conducti-
v I t y .  The thermophysica l characterist ics are practically equalIzed at +10
and -20 C. The interva l of IntensIve phase trans itions of water into ice Is
not cons idered.

For all the investigated soils the correlation between the indicated coeffi-
cients in the thawed and frozen states depends on the degree of moisture
saturatIon. The experimentally determined coeffIcients of therma l and
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t emp era ture  c o n d u c t i v i t y  of thawed and  f r o ze n  d r y  s o i l s  p r a c t i c a l l y  c o i n c i — ~~- ,
but i t  must  be n o t e d  t O l t  in  the  f roz e n  s ta t e  t h e y  ar e-  steadily lower  tha n in
t h e  thawed . However , w i t h  increase  of the  m o i s t u re  con ten t  and , c o n se q u e nt l y ,
a l s o  of t he  degree of moisture saturation , th I y i ncr e a s e  a c c o r d in g  to d i f f e r -
ent  1.045, and on some sections more rap i d l y  in the  f r r -~ , n  than  In t he  thawed
s t a t e , and as a re—a~lt the curves Intersect .

The c o e f f i c i e n ts  of t emp e r a t u r e  c o n d u ct i v i t y  in the  t 1 i.iwed and frozen st a t e -
d i f f e r  f a r  more t h a n  the  c o e f f i c ie n t  of therma l c o n d u c t i v i ty .  The change of
t H  f o r m  of dependence of ~ on q d u r i n g  the  t r a n s i t i o n  f rom t h e  thawed to the
f r o z e n  s t at e  is sharp ly ex~ r e-ssed in b arns ( F i g u r e  72) , a nd the i n ter s e c t  i°n
of curves , accompanied by a sl’arl.- increase of ~ in f r o z e n  so il s , occurs .it dif-
f e r e r i t values of q; thus , in kaolin this is observed at q ~~

‘ 0.2 , in m e d i u m
loam at ‘2’ 0.5, and in heavy b arns at ‘2’ 0.6-0 .7. In  sands  the desc r ibed  curves
intersect in the reg ion of va lues of q from 0 to 0 .1 and the observed dc1 en-
dence r eminds  one somewhat  of k a o l i n  in the  reg i on q 0 .7 -0 .9 .

However , in ¶ h e  t r a n s i t i o n  f rom the thawed to  the f r o z e n  s t a t e s  ~~
‘ in sands

inc reases  more than  in b arns and the difference increases with increase of q.
Evidently the amount of unfrozen wa t er in the ground has a strong influence
on change of the form of the dependence of the coefficient of temperature con-
ductivity on the  degree of m o i s t u r e  sat u r a t i o n .  T h i s  can be explained by the
fact tha t only u~-on increa se of the  m o i s t u r e  con ten t  above w w i l l  a p o r t i o n
of the  water change into ice and the c o n d i t i on s  appear  for  c~~~nge of the form
of the dependence of the therm ophys i ca l ch a r a c t e r i s t i cs  on t h e  degree of mois-
tu re -  s a t u r a t i o n .  In f ac t , as is ev iden t  f rom the  curves of the  d ep endence
of t h . q u a n t i t y  of unfrozen water on temperature presented on Figure 73 , at
-~~~ C in heavy b arns i t s  c o n t e n t  is 6 . 5/~, in med ium b arns 47 , in k ool  in It
is not detected at all , and in sands accord ing  to c a l o r i m e t ri c  measurements
there is none even at -0.5 C. The tota l dependenc e f o r  b arns and  clays Is
presented on Fi gure 74.

The c o e f f i c i e n ts  of therma l conductivity in the thawed and frozen states are
very similar in va lue. It should be noted , however , tha t at small degrees
of moisture saturation the coefficient of therma l conduct ivity in the  thawed
state is higher than in the frozen , and when there is complete moisture satur-
a t i o n , the reverse. In sands the curves of X in the f rozen  and thawed states
Intersect at q ~~

- 0.1, and therefore  in the entire investigated range A
f 

-‘ A

although their va lues are very similar. t

In b arns and clays the curves of the dependence of >~ in the thawed and frozen
states intersect at different degrees of moisture saturation , but a lways at
larger va lues than In ~< • All investigated b arns and kanlins can be put in
a series by hrder of increase of moisture saturation in which the curves of
>~ and ~ intersect in the thawed and f roz en  s ta tes  (see F i g u r e  7 2 ) .

The curves of the coefficients of temperature conductivity of b arns and clays
in the thawed and f roz en  s ta tes  intersect at q ~~

‘ 0. 5-0 .6, which  c or r ( - s 1-on ds
approximately to the maxima l molecular moi -.tur e capacity, and the curves of
the coefticient of therma l con ductivity intersect at q ‘? 0.8, which is close
to the lower limit of plast icity. At a moisture content smaller than the
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Figure 72. L~ppendence of the 

coefficient of temperature

conductivity (a) and therma l conductivity (b) on q In the

thawed (finellines ) and frozen states:2
l - kaolin; 2 -

heavy loam; 3 - med ium loam, a - .( , in /hr b - ~~~, kcab /

(m) (hr) (degree )
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FI gure 73. Dependence of w on tern- Figure 74, Averaged coefficient s
perature: 1 - kaolin; 2 - ~~~dium loam ; of temperature and therma l conduc-
3 - heavy loam. tivity of loams (I) and sands (2)

on q In the frozen (solid lines )
and solid states, a - 0< , m2/hr
b - A , kcal/(m)(hr)(degree)

maxi mal molecular moi s ture  capacity 0< is smaller  In the frozen than in the
thawed , and at larger moisture Contents , on the contrary, Is larger in the
frozen than In the thawed state.

At moIsture contents below the lower limit of plasticity A is smaller in the
frozen than the thawed state , and at larger moisture contents larger in the
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f r o z e n  tha n the thawed s t a t e .  The d i v u r g e r i c n  between ,~ and 
~~~ 

does n ot ex-
ceed 2 0 - - , and  t O e  coefficient of ~emt erature c o n d u c tlv i ~~y -nea r tota l m o i s t u r e
s a t u r a t i o n  in the- frozen state e”.ceeds the c o r re s p o n d i n g  va lues  in t h e  thawed
st a te  by 30-50~~, and for  k a o l i n  by up to 100%.

In sands at a degree- of m o i s t u r e  s a t u ra t i on  q ~ 0.1 the  c o e f f i c i e n t s  of ther-
m a l  and tem~-er ture conductivity in the frozen state are larger than in the
thawed. However , if  ~ of f r o z e n  sand Is 30-100% larger than that of thawed ,
then ~ differs by no more than  2 0 7 , and in some cases ~-r a c t i c al ly  co inc ides
(as, for example, for quartz sands).

/The I n f l u e n c e  of o rgan ic  r e s i d u e s  on A and 
~‘/ .  The inf luence of peat  for-

m a t i o n  on the thermophysica l c h a r a c t e r i st ics of so i l s  has been in v e s t i g a t e d
b y A .  A.  Konova b ov and L . T . Roma n (1969).  For the characterist ics of peat-

~z - d  so i l s , besides the ordinary physical pr-p ertles , t h e y  In t roduced  the
degree of peat formation K , which represents the weight ratio of the peat
and minera l components per~unlt of volume . The variety of composition of
p e a t i ze d  soils did not permit finding a simple indicator of the phys ical
p r n - e r t i e s  of the ground determinin g its thermophys ica l characteristics.
H~ w~ ver , fo r  l e a t i z e d  s o i l s , the knoisture content of which fluctuates v er y
greatly and is close to the absolute moisture capacity, a dependence of A o n
K has been --st ab lished . In that case for peatized sands

?. I -- In (—  ~~~~~~ -
~ ~~, ~ t , / ’ 10)

\ O Y 2 ~ \~~-~ 0,08 1

~
‘M = 2 ,35-~~~~ I ~

- - I~~~~, ~~7 l i )
— 0 , I5~v~ O I L  /

and fo r  1 eat i zed  c l a y s
- ‘ 7. . I , I~ - In (— b~~_ __  

- 
0 7. 1- ~- 

- - 
I - I) I

7. I 70 - - 
I i~ —-- — —~~~~~~~~~~~~~~~ - ~ - I ~, ~r .7. I I!r O ; 1K 1 j- O , 2 )  I

The dependences presented above are depicted on F i gu r e -  75 , from wh ich it is
ev iden t  tha t  ~X decreases w i t h  increase of the  pc-a t formation and at K —

0.6-0. 7 Is p r a c t i c a l l y  equa l to the A of peat. In the laboratory of ~the
Department of Geocryology it has been established tha t samples containing
organic residues have coefficients of t h e r m a l and t emper a ture  c o n d u c t i v i t y
more steadily bower than those obtained f~ r minera l soils of the same type.
Data of various authors on therma l cond.~ictivity in thawed and frozen ground
are nresented in conclusion in Table 38,
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FIgure 75. Dependence of the coef- Figure 76. Dependence of the poros-
ficient of therma l conductivity of ity (a) and absolute moisture capa-
b arns (1) and sands (2) on the  de- city (b) on the specific weight of
gree of peat fo rma t ion  in the  thawed the ske le ton  of clay s  ( 1) and sands
(fine lines) and frozen states (acc. (1). 1 - 

~~k’ 
g/cm -’

to L. G. Roman and L. A. Konovabov , S

1969). a - A , kcal/(m)(hr)(degree )

Table 38. Data on therma l conductivity of frozen and thawed rocks (kcal/
(m) (hr) (degree)

_______ ___________ €- --

A ~ ~, a - ,v I -~ -~
;.i .. -~ - ; -  ,~~

c i A  2 I~~~~~~~~~~ H ~ ‘ H
I~.IIf i f I - l  II I l IlfiCI(

o I 14 j t ~ ( I )  14 - 1~~) U , 10 0 1’ ( 0 .17 )
0 2  q - ; ~ 0 5 1  ) - I  0 ,77 ) 1 ’  l a )  U - .1)

0 1  (i - I  0 , - -~ O ,~ 3 1 , 11 (J~~ I4 0 , 02 l I e )

0 O~~l I os I 0 1 3 1  1 0-1 I ~sI S -

0 8  I u-~ I - IM I . 24 )  1 4  I (5 j , .14;

1 4) I - 
1)  1 1 . 20 I . 5 ;  1 1,11 2 0  1~

2 (~~ 0 - 1  II s’-aelI;’ n I  ~ ; (

o 0 .Y - ’-~ 
1) 2’’; o ,  25

u,u l i i  , s~ I , )- U~~1 073 1 , 1 -I

I I .17 I -10 I - - I .2 1 -4 I ~ ‘0 I
0 0  I - 4 ~ I~~~~ I .~ 5 1~~ 1 1 . 1  I ,4~~ ~ MI
4 ) - s I .~ 5 I , ’) 10 1. )’.; 2 , 1
1 : ) - ‘ $ 1  1 ,~ 1 2 .37 ‘2 , 0 1 2 2 ,o.~ 2 - 1 - 1

3

0 4 , 1)5

0 , 12
- )  I i,21 4 . -

I (13 0, 4’;
0, - I

I I)  0 5 - i I - I’)
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Table 38 (Continued)
A - D egree of moisture saturation B - of thawed rocks  C - of frozen
rocks I - Clays and sandy b arns 2 - Sandy b arns and fine sands 3 - Pc, t*
N o t e s : 1 - Data of SN i ~~~ and V. P. U s h k a b o v , processed by L . T . Roma n and A.

A. Konov abov (1969);  2 - Calculated with correlations of M. S. Y e -r s t e n
(1955); 3 - Data of l a b o r a t o r y  of the  Dep artment  of Geocryo iogy ;  4 -

Calculated with correlations proposed by N. S. Ivanov and R , I. Gavr il’-
yev (1965). *the data of L. T. Roman and A. A. Konov ab ov  (1959) have
been presented for peat.

Calculation of Some Therinophysica l Characteristics of Sands and Loams (Example 29)

1. Determine the degree of moisture saturation q if the moisture content and
s p e c i f i c  weigh t  of the ground are known. This can be done in two ways :

a )  c a l c u l a t e  w i t h  the c o r r e l a t i o n
- 

~~~ 
- (4 1 1 1  - ._ -1) - - -- - — - — - - -— , (l • f  . 20)

~i— ;i (1 - 1..~ I , ~~ 
-

b)  f i r s t , c a l c u l a t e  I — ~ Lw , and then  f i n d  on the d iag ram of F igure  76
the value of the absol~~ e moY~~ure capacity wa 

and calcul at e q :

For examp le , we have loam wi9 a moisture content f 20% by weight a n d a spe-
c i f ic weight 

~~~~ 
1.70 g/cm . We find its degree of moisture saturation and

then the thermoplkysical characteristics:

a)  if the spec i f i c  wei ght of the skeleton of loam 
~ ec 

— 2.71 g/cm
3
, then

with (6.7.20) we fin d that the degree of moisture sa~~ ration is
I . 7 - :1 - 0 UI 20

q - 0 6 ;
2 : 1 ( 1  0 2 )  1 , 70 -

b) first we calculate 
~~~~~ ~~~~~~~~~ 

1 , 10

Then with Figure 76 we find that for 
~ -k 

— 1.40 g/cm 3 
the absolute moisture

capaci ty w
a 

— 0.33. Consequently the ~egree of moisture saturation q 20/33
— 0.61.

Thus the va lues of the degree of moistur e saturation , calcu lated in two ways ,
a re very similar .

2. Determine the specific heat also in two ways:

a-) calculate it with correlations (6.7.3) and (6.7.4);

b) fInd it on the diagram (Figure 63). However , in the frozen ,~t atc the
specific hea t will be somewha t understated , since the diagrams were construc-
ted without consideration of the amount of unfrozen water.

An example of ca l c u l a t i o n  fo r  the same loam a t  w — 0.
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a) ( 01 ’ co 2~ ( , -2~ 4, - :

( S  0 0 - - ~~~ 1 ) 2  ~5 ,-s:’ - ’ - - -
,

b) from the diagram (see Figure 63) we have C
t 

0.33 c .a l/ (g ) (degree)  and
C

f 

= 0.24 cab/(g)(degree).

3. The coefficient of temperature conductivity (v’) can be determined in two
ways:

a )  c a l c u l a t e  fo r  sands wi th  fo rmulas  (6 .7.9)  and (6.7. 8) and fo r  b arns and
c lays  w i t h  f o rmu l a s  (6. 7 .5) and (6. 7. 6) ;

b) wi th the diagram (see Figure 74) we find the va lues.

For example, we f i n d~( for loam:

a) we obtain with the indicated formulas

a~ — 1) 1) 1) 1  -~7 . -
~ ‘~oic; 0 ,0020 1 •~~ 

1 .

b) with the diagram (see Figure 74) we obta in

a
~ 

0 ,00190 iL ; OIC , a M 
0 , 0 )207 .‘t - , qw .

4, The c o e f f i c i e n t s  of therma l conduc t iv i ty  can be obta ined by any  of three
methods:

a) calcu late through the degree of moisture saturation with formulas (6.7.14)
and (6.7.15) for sands and formulas (6.7.12) and (6.7.13) for boams and
clays ; -

- 
- - -

b) find on the diagram (see Figure 74);

c) calcu late with correlation (6.7.11) if ~~ , C and T are known. For example,
we calculate A for the above-indicated loam :

a )  w i t h  the Indicated formulas at q — 0.6

~~~~~ 
1 ,06 ~~~~ .44 2 / I ( f l )  140 , 7.,., ~1) 50)  fr 451 . Z f  4

b) with the diagram (see Figure 74) we obtain

I 1)1, ~~p~ ? / . ; 4 - . f H U )  - - ‘4 ( 1 ;  - 7 ., ( I ’ l l )  1 I! 4 ‘4 (V I I I  1

c) with formula (6.7.11)

7. 0,001 )) 3?7 0, 7(n) j , ) )3  4’~~’1 1 0  - , ‘/‘ 1 4)  - ~ac ,

(1 ,0020 1 0,
2.10 1700 0,81 .1 ~O \ I J .  4 - c’P(lC) - ‘0 !;

It is evident f r o m  the presented examples that  the coincidence of the thermo-
phys Ica l characteristics calculated by different methods is practicably com-
plete.

269



The s -me-what lower v a i n ; -  ‘f X - ob t a  m e d  by the three met ) - - ‘.1~ is  ex~ -la  in n ;)

by the fact tha t the  am ount  o~’ u n f r o z e n  w~ t or ~~ - s fl I t  a~~- - r 1  I n t o  account  in
c a l c u la t i n g  C

f .

0• R e g u lar  i t  ies of the Change of M ; -c - ;n i c a l  Pro ert len of Frozen 1) i n , ;r s ed
Rocks

The d i s t i n c t  lye f e a t u r ~~ of the  m e c h a n i c a l  p r - - u e r t l e - n  of froze] rocks and the
d i f f e r e n c e  of their transparency and Oeformationa l characteri st ics from un-
f r ozen rocks are  connected  w i t h  t h e  f o r m a t ion  -f i ce  and t he  c r y o gen i c  struc-
tu re .

The f o r ma t i o n  in f rozen  so i l s  of i c e_ ce m e n t a t ion  bonds leads to increa se of
t o e ir  s t r e n g t h  and  r e d u c t i o n  of t h e i r  d e fo r m a b i l i t y  and i mp e r m e a b i l i t y  a n d
c o n t r i b u t e s  to an i n t e n s i v e  develo 1-n, nt  of r h e o l”g i c a l processes (cree- :
r e l a x a t i o n , and r e d u c t i o n  of s t r eng th  under  t O :  long effect of l o a d ) .

The mechanica l I 1ro} ert  les of f r o z e n  d i sp e r s e d  rocks are ma i n ly  de termined
by the character of the structura l connections and the forces of interaction
between structura l elements (particles of the skeleton , aggregates of them ,
ice inclusions , etc) and a l s o the strength and thformati-,nn l :.ro1:erties of

1-ar t i c l e s  of ice and u n f r o z e n  water ; the mechanica l :- - r - - perties of the  ske le ton
particles in most cases are of minor impor tance .

ih e  -tructura b connections in soils can have a chemical , molecular or ion-
electrostatic nature and are formed as a result of p h y s i co me c h a nit a l and
phy sicochemica l :rocessns developing in the course of the history of devel’ p-
ment of the rock. In tha t case , in f roz e n  rocks a c o n s i d e r a b l e  ro le  be longs
to cryolithogenesis , connected with which is the  for m a t i o n  I/f ice , / f  t h e
cryogenic structure , and of the ice-cementation and  o ther  c r y o g e n i c  bonds .

The character of the structura l connectIons of frozen rocks Is stipulated
abev - all by their composition and structure. At the  same t ime a great in-
fluence is exerted by the tempera ture , which is very variable and is controlled
by the characterist ics of the frozen rocks. In connection with tha t the f--re-
casting of the mechanical p rop e r t i e s  of f rozen  rocks can be constructed on the
b a s i s  of the  dependence of those proper t ies  on t O ; -  Comp os i t i on , stru cture and
ten9 era tur; .

1 he compos it ion of f rozen  rocks on the whole  Is c har a c ter i ze d  by the co1n~
sit ion of each of the ma in comp on en t s  ( t h e  skeleton , Ice , unfrozen water and
gd - ;es) and t he i r  quant  i t  atlve relat ion.

I n d i c a t o r s  of the  lat t e r  can he - the tota l moi s tu re  conten t , the ice content ,
t h e  moisture content due to unfrozen water , the porosity, the spec i f i c  g rav i t y ,
the degree of moisture saturat lo ll  and other  cha ract  - - r  1st ics. I t  must bc noted
t O t  In forecast ing the  in~’c h . ; - i i c a l  1 r e 1 ert ics of r r l ’ Z e 4 1  rocks those character—
1st Ics uzi-;t be given in a d e fin I t e  complex which can assure determinat ion c-f
a d e f i n i t e  c o r r e l a t i o n  of all tO ;- principa l components , and not only  of some
of them . Di rec t  and mor e- graphic  i n d i c a t o r s  of tin; ) correlation ,;re- the
r e l a t  lye Conten t  of each cclTrp000rlt -- the s k e l e ton , ice- , u n f roz e n  water and
gases.
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In examining the dependence of the mechanica l properties of f r o z e n  so i l s  on
their composition , structure and temperature, it Is necessary to take their
interconnectIon into consideration. In add ition , i t should be born e in mind
tha t frozen dispersed rocks are characterized by intensive deve lopment of
rhe-olog lca l processes. Therefore the influence of a g iven indicator (disper-
sion , moisture content , cryogenic texture , etc) as a funct ion of the compo-
sition , structure and temperature of the frozen ground , and also of the t ime
of effect of the load , can be different . The Influence of the d i sp e r s ion  and
the tota l moisture content i~ illum inated in very great detail by the avail-
able mater ials.

1. The Dependence of the Mechanica l  Proper t ies  of Frozen Grounds  on The i r
Dispersion

1 I’ ~ ~~~ 
~~~~~ 

- ~~1 
2 3

~~i T  _
-2  ~ ~ ‘ ‘~~ - 

-~~.

FIgure 77. Dependence of the modulus of Figure 78. Dependence of t h e  to ta l
norma l elasticity E of frozen rocks on deformation € of frozen rocks on the
the tempera~ ure t. Uniaxia l compression , load C a t  different moments of time.

2 kg/cm ; 1 - sand , w — 22%; 2 - Uniaxial compression: ~ — -5~~~, w
sandy loam, w — 23%; 3 - clay, g — 29% = 26%; 1 - sandy loam , 2 - loam , 3 -

(acc. to N .  A .  Tsy t~ vich , 1937) . c l a y ,  a - t 240 hrs;
2
b - —

1 - ~~, l0 ” , kg/cm 1440 hr~ 1 - ~~~, kg/ cm

The experimenta l data characterizing the behavior of frozen soIls of different
dispersion under the effect of externa l loads are ra ther numerous. However ,
far from all of them can be used to examine the influence of the granu b ometric
composition , since other parameters connected with dispersion often intensif y
or weaken that influence. For examp le , in comparison with sands , in many cases
cl ayey grounds have a high moisture content , with which variou s cryogen ic tex-
tures of those rocks can also be connected.

The dispersion of frozen rocks has a substantia l influence on the development
of elastic and plast ic deformations.

As follows from Figur e 77 , when the values of the moisture content are simi-
lar and the t emperatures are equa l the modulus of norma l e l a s t i c i t y  E dimin-
ishes noticeably in the transition from sand to clay. This indicates tha t
w i t h  growth of d i spers ion  the i n t e n s i t y  c-f development f e l a s t i c  d e f o r m a t i o n s
of frozen grounds increases , and the resistance to compression Is correspond-
Ingly reduced under the “instantaneous” effect c-f the load. An analogous de-

pendence is also noted for plastic deformations. The data presented on Figure
78 (constructed on the basis  of results of creep tests) and in Tabl~ 39 show
that In all cases, wi th growth of dispersion an Increase in the intensity of
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Table 39 The modull of tota l deformation E of frozen soils of different
disper sity (degree of moisture sa~ ur at ion , q ~~

‘ 1; t = -2.2°)

r; - _ it ~~- - 0 !~~~- ‘ ~~~~~~ ~~~~~ 

- 

.~~ ;i:;~ - .~: - 

-

~~~~~~

I; .5
- ‘U  5 0) : —  —ni flute 0) 20

- 
- 

- 
(2 2 )

2. i - - -- -~ 10
hour ~ i~~.s 1

(4 _
_
) 

I

5 (0
I ~ 

I
— _ _~~~~9~~I~~~~~,_ _ __ _± 

12 , 5 32

5 (0
= I M U H  I ’ )  IS a ’
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- IO IS

15 20 l7~
5 1 )  2 9 1

4-) ‘wc 10 IS
I S  — 20 5-1

0 5 I n n
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12 -5 0 1 - p

0 5  4 )
20 5 U)

I ~e~c 10 - - 2 ,5 5;)
______________ 

I2 ~ 5 - IS
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— 8 -o~ 5 — - l U
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I s t o
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- 
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Key: A - Ground B - Moistu9 content , % C -2
T ime of e f f e c t  of load

D - Range of load , kg/cm E - E , kg/cm I - Sand 2 - Sandy loam
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the development  of d e f o r m a t i o n  (C) is observed ; correspondingly the modulus
of tota l deformation , character izing the resistance of frozen soils to  the
effect of load , dimini shes.

The degree of in f luence of d i sp e r slty  on the deformat iona l prop e r t i e s  of the
f r oz en so i l s , the ava i lable mater ials- show , depends on the temperature and
is intensified when it is lowered. When there is a structural coup l ing in
the frozen ground the influence of dispersity is manifested to a lesser ~e-
gree and in a number of cases greater resistance can be noted in the case of
more clayey soils. For examp le , comparison of the ~

‘- i curves for sandy b arns
and clay (when the moisture content values are similar) (see Figure 90) shows
that  at t — -5 c l a y,  w i t h  s t ructura l coup l i n g ,  exerts more r e s i s t a nc e  than
sand y loam.

a

I — — — a
II ‘ \ —-—-—— a(

I \

- - I1~ 
~
I ’  \

\
Figure 79. Influence of dispersity

13 - \ \ on the coefficient of viscosity

t I of f rozen  rocks. Un iax ia l compress-
\ “,~, ion: t — -20 (a )  and -5° (b ) ;  I -

12 - \ sandy loam; 2 - clay 
2\ \ \ A - IgP~, pause B - d , kg/ cm

2\ l\ \i

- ,1~~~~~~~~ 
- -

o 40 80
b 6, Pr/~t4~

The inf luence of dispersity on the deformat iona l properties of frozen soils
is also well illus trated by data on viscosity (Figure 79). As is evident
f rom F igure  79 , the coe f f i c i en t  of e f f e ct i v e  v i s c o s i t y  7~ of f rozen  rocks ,
which cha rac t e r i z e s  the resis tance in the  s tage of s teady creep (dur ing  f low
at a constant rate), dec9ases with increase of dispersity. For example , at
t — -20° and ~~

‘ — 55 kg/cm for clay, ‘Vt,, Is 1000 tii~~s sma l le r  than f or sandy
loam. rhe noted difference depends on the temperature of the frozen rocks,
decreasing when It rises.

The examined data , which testify to a reduction of the resistance of frozen
rocks to loads with increase of dispersity, other conditions being equa l ,
can be exp la Ined mainly by change of ti- C ratio of the unfrozen water and ice.
Side by side w i t h  tha t, the form of the elementary particles and their ag-
gregates , and also distinctive features of th~ microstructure , have an Influ-
ence.
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As noted above , the  mechan ica l  pro:erties of frozen rock are d e t e r m i n e d
ma in l y b y t h -  forces  of i n t e r a c t i o n  between structura l elements and also by
the resista nce of the ice Itself and the unfrozen water. Particles of the
skeleton of the ground interact with one another and with ice Inclusions both
directly and through films of unfr i~ en water which reduces the force of the
structural bonds. In more disperse frozen rocks the film of water has a grea t-
er development (in length and thickness) and therefore the number and area of
contacts between the structural element s with its participation increase , and
the forces of interaction decrease with each contact; in addition , decr ease
of the ice content of the rock leads to reduction of the role of mechanical
properties of the ice in the formation of resistance of the frozen rock as a
who 1 e~

the above-noted increase in the influence of dispersity on the deformatlona l
proper t ies  “f f r o z e n  rocks w i t h  r e d u c t i o n  of the i r  t emp era tu re  can be exp l a ined
by reductio-~ of the leveling role of the  u n f r oz e n  water and intensification of
the ro l e  of ice .

The strength of frozen rocks also depends substantially on their granubo-
m e t r i c  c5mposit Ion . As expe r imen ta l  data  show, in the temperature range from
0 to -20 w i t h  Increase of the dispersity at similar values of the moisture
content the strength of frozen soils in most cases decreases rega~ dbess of the
type of deformation and the time of effect of the load. In the temperature 

~range close to 00 t h I s  is we l l  i l l u s t r a t e d  by the data of T a b l e  40 (t -2. 2 ),
irom which It f o l l o ws  tha t reduct ion  of the s t rength of frozen soils with In-
crease of their dispersity is manifested to a very great degree under the
“instantaneous ” effect of the loa d, and in t ime the influence of the disl-er-
sity diminIshes.

Table 1!3 Strength of f rozen  so i l s  d u r i n g  u n i a x i a l  compression 
~~ om

A B ,. 
1 (  44 , la, ‘44 I I  ,“,Ci l c t -,n’ l  a r ;  4 3 -

I flc - IT I,- ,
I -. - - ~) ‘ 4 4 1  ~] U ‘ ‘4  I ‘OIC ~ i -  4 ‘4~l ~ 1 i’ - —

2/  SI) - I 30 , 1 21 -~~ 1S , S ( 1 -  In  ,s - -I fl--o.e 2 ?  4 - M ,2 3 ;  2 / . S 2 1 .~ f t 5  I L ?
2- ;  1~~, M 2.1 ; ( ‘ . 1 ( 7 1 )  I2 , ’ ( 1 , 1  -

2 ( . .lUiII Ik 2? “ .2 20 , 1  22.2’ 2-1 ,1  I 5 .~~ 
j ( - .? , 1

Key: A - Ground B - ci’ 
kg/cm

2
, during the time of effect of load of

I mm , 10 mm , 30 ~ ?n , 1 hr , 8 hrs , 24 hrs , 50 years 1 - Sand 2 -
Loam

The i n f l u e n c e  r ;f the  g ranulome t rlc  composi t ion  on the long- term s t reng th  can
be observed at any time of effect of the load , ending with the long-term
s t r eng th.  Thus , according to the data of S. S. Vyalov (1959) the long-term
strength during pressing with a spherica l stamp (equlva l,ont to coup l i n g ) a t
t — -3 I- . characterized by the following va lues (kg/cm~ ): 2.3 for  sand,
1.0 for sandy loam , and U.6 for loam.
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I t  should be borne In mind , however , t h a t  ( l u r i n g  the pro longed  e f f e c t  of lo,id
the rn-’re dispersed frozen soils can become stronger (Table 40).

The above-noted reduction of resistance t - - uniaxia l compression (Cr ) of
froztn rocks with growth of their di — ~;er sity and intensifi cation o~

°
~hit de-

endence w i t h  dccrea:- e of thc  l eng th  of e f f e c t  of load in the range of low
tem1~erature—, from -10 to -55 is manifested still more dis tinctly (Figures
80 and 81). In that case the influence of dispersity is intensified with
reduction of t lIr temperature.

The r e s u l t s  of de te rmina t  Ions of the tem 1- -r 1 lry  t e X t  I I n  s t r e n gt h  of f r o zen  s o i l s
(F igures  82 and 83) show t h a t  a r e d u c t i o n  of 

~ 
w i th  in c r ’- - ;s e  f d i sp e r s i t y

is  no t ed  In a na r rower  range of t empera tures  t (down to  — 2 5  t o  _ 350) at
still lower values of t the  l o am  becom, s t ronger  t han  sand .

The influence of the granulometric composit ion on the strength of f r oz e n  rocks ,
just as on their deformationa l ~- r - n-er ~~ies , is caused to a c o n s i d e r a b l e  degree
by change of the phase composition of the water. The reduction of strength of
frozen rocks wIth increase of dispersity , noted other conditions being equa l ,
and the intensification of the Influence of dispersity with lowering of the
temperature in the range from 0 t o  -20 can he exp lained in the same manner
as similar dependences for deformationa l properties.

The reduction of the degree of influence of dis1-ers ity on the strength of
frozen rocks during the long effect of loa d is connected with the rheolog ica l
properties of t h e  ice , the strengthening role of which diminishes in the course
of t ime.  In  conn e c t i o n  w i t h  t h a t , t he decrease  of s t r eng th  of frozen soils
with increase of their dispersity, observed during the brief effect of loa d ,
gradually decreasing in t ime, can be ret laced by the reverse dependence.

At  lower t emp e r a tur ’. -n , (down to ~~550) t he  change of the  phase composition of
water  in f r o z e n  grounds is a l s o  the  pr ir i c i~ - a l  reason f r  decrease , w i t h  In-
creaseo’f dia i er~ i ty ,  of the temporary strength of those soils during uniaxia b
c inpression anu intensificati on of t h . -  indicated dependence with reduction of
temperature. The analogous de~ end ence of t he  t e n s i l e  s t r eng th  of f r o z e ;  s o i l s
on dispersity above —25 to -35 (sand is stronger than 1- -am ) can he cx~~1a ined
m a i n l y  by the ~h a se  composition of water. The qualit ative change of that
dependence (sand becomes weaker tha n loam)  at lower temperatures (down to
_60 0 ) e v i d e n t l y  is connected w i t h  d i s t i n c t i v e  f e a t u re s  ‘f t he  microstructure
of frozen rocks with different dIs1 .erity .

The decrease of the Influence of di s j .-r -~it y on the -~tren~ t I i if  f r oz en  soi  is
w i t h  Increase of their mo istp lr (.- content , n-~ted for t i ;~ t~~-In~ orary resistance
to uniaxial c- - j 1r 1 r&-ssion In a wide  temj -~. i a t u r e  range , Is caused by intensifi-
cation of the role of Ice , which is reduced to weakening f th ~ Interaction
between soi l particles and to levelIng of the wedging effect of films of un-
frozen water.

2. Dependence of the Mechanica l Pro1 .-rt 1 of Fr -ten ~~‘t Is oi’ Their
Moisture Content

‘1 he Interconnect ion of I ii.- 1 - r Incipa I m d  I c . ;  -~ s of compos It 1 - -n (dl s 1-er ’. I t y ,
mo i s t  or’’ c o i it . nt , the degree of m o i s t  liT ’;’ sat;.Ir;;t t i l l , etc I n i  I .‘niI-erature Can
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be clearly traced also in examining the dependence of the mechanica l properties
of frozen dispersed rocks on the tota l moisture content w.

The dependence of the strength of frozen soils on the moisture content at t
down to -12 was examined in very great detail in the works -f N. A. Tsytovich
(1937) and at t down to —60° by Ye. P. Shusher lna et al (1969, 1970).

In studyin g ~he influence of w on the strength of frozen dispersed rocks It
is necessary to take in to  account above all the degree of their moisture satur-
ati ’n and also the fact tha t the change of w can occur dur ing constant and
variable porosity. The conditions of change of the moisture content w have
a substant ia l influence on the character of the dependence of the strength of
the frozen rocks on it.

The increase of the tota l moisture content w of frozen rocks under conditions
of practic ally constant porosity n and correspondingly increasing degree of
moisture saturation q in a l l  cases , regardless of the dispersity of the rock,
temp erature and type of deformation , causes Increase of strength (Figures 82
and 84). Th i s  is connected m a i n l y  w i t h  i n t e n s i f i c a t i o n  of the cement ing  ef-
fect of Ice as a result of increase of the volume of the ice of conclusions ,
ans also increase of the area of contacts between part icles of the skeleton
and the ice.

During increase of the mois ture conten t w of f rozen soi ls  un der condi ti ons of
practically complete moisture saturation and correspondingly increasing poro-
si ty, In most cases a reduction of por o s i t y  Is observed , bu t at sufficiently
large values of w during compression there can also be an increase of strength
(see Figure 81). The noted reduction of strength is caused pr Imarily by weak-
ening of the structura l bonds between particles of the skeleton or aggregates
of them as a result of shifting of the Ice , which is only partiail~ ~ompen-
sated by the cementing effect of the Ice. However , the growth of strength
dur ing increase of w in the range of large values of the latter is connected
wi th the develop ing localization of the unfrozen water (the ground framework
is broken up by icc’ layers), and also by reduction of its quant ity as a result
of decrease of the surface of the skeleton and Ice (per unit of volume of the
ground).

The degree of m a n i f es t a t i o n  of the indicated regularity depends substantially
on the dispersity and temperature. For example , during increa~~e of w under
conditions of practically constant porosity with reduction of the temperature
the dependence of the strength (tensile) on w for clayey frozen soils Is in-
tenslf  led , and for sands weakened (see Figure 82) .  Under  condi t ions  of ab-
solute moisture saturation 1;nd variable porosity the influence of increase of
w on strength (compression) increases with decrease of the temperature and
dispersi ty.

The variation of w of frozen soils occurs , as a ru l e, in far more complex con-
dItions than those considered above, In different ranges of the moisture con-
tent both the porosity n and the degree of moisture saturation q can vary.
Therefore the dependence of strength on the moisture content can have a rather
complex character (can have a maximum , a minimum , a combinat ion of them , etc),
which, however , can be analyzed on the basIs of the above-examined cases , as
Is illustrated by the schema t ic d i ag ram presented on F i gu r e  85.
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F igure  84 . Dependence of the  t emp or- F i gure 85. Dependence of the  s t r e n g t h
a ry  u n i a x l a l compr ess ive  s t rength  ~ of f rozen  rocks on the  m o i s t u r e  con-
~~ of f rozen  rocks on the  degree of tent  w under v a r i o u s  c on d i t ion s  of I t s
mg~~ ture saturation q; t -40 ; 1 - variation (schematic diagram). Ex~ lan-
sa n d ; 2 - loam, a - ~~

‘
, kg/ cm 2 a t i o n s  are given in the  text .

b - ’1 a - ~~~, kg/ cm
mean

As i s kn own , the interconnection between w, q and n can be represented in the
f ortn

~~~~~ 
( 1 — i : )  

~~~~~~~~ 0,ly ~~~~ (I - - ii) Ih .S. I

or
y,~ (I ,

~) 
‘~‘~

where 
~

‘ 

cc 
is the specific gravity nf the  ske l e ton  of the  ground . On F i gu r e

85 curv~~ 1 depic ts  the case of increase of w at q ~~
‘ 1; n ~ constant and in-

crea ses In accordance with (6.8.1). Curves 2 characterit the case of increa se
( if W at n c- nstant (n

1 
n
2 

n
3
); q ~ constant and increases In accordance

w I t h  (6 .8.1). Curves 3 r e l a t e  to the case of decrease of n , and curves  4 to
t h e  case of its increase with increase of w; q ~ constant and increases In
accordance wIth (6,8.1), Curves 5 characterize the case of increase ‘f w
at q — consta nt ~~

- 1; n ~ constant and increases in accordance with (6.8.1).

A combination of those cases can give a different character of the  dependence
-f the strength f frozen rocks ti’ on their moisture content w- Thus , a corn-
binatio ri of cases 2 and I gives a curve IT - w with two extremums (a maximum
and a mInimum). The same is obta ined with a combinat ion -1 3 a n d  1 (but wIth
a sharper maximum ) and also 4 and 1 (the maximum is expressed more w e a k l y ) .
W i t h  a c o m b i n a t i o n  of cases 3 , 5 , 4 and 1 the  curve q - w can have tw- - maxima
and two minima , etc.

The examined genera l form of the dependence of the  s t reng th  of f rozen  rocks
on t h e i r  m o i s t u r e  content  w app l i e s  to the  case of b r i e f  e f f e c t  ‘f lo a d . The
dependence of the long-term s t rength  of f rozen  so i l s  on w w i t h  the same regu-
larity will differ only quantitatively in connection wIth decrease of t h ~
cement ing capacity of the ice under t he  long e f f e c t  of load.
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A l s - ’  s u b s t a n t i a l l y  dep endent  on the tot a l m o i st u r e  C o n t e n t  w of f rozen  rocks
is the i r  c imj r e s s a bi l i tv .  Accord ing  to the  data of A.  C . Brodska ya ( l 9 (~~) ,
w i t h  increase  of w the  degree of shr  i nkage  in c r e a s e s  d u r i n g  c- -m t - r k  i - a i  ( Tab l eE
41 and 42 and F i gur e  86) .  T h i s  is n ot e d  bo th  f o r  f r - - z e n  rocks  w i t h  a c r y  ge il -
Ic t e x t u r e  of a s i n g l e  ty ;  e and fo r  those with dlfterent . The . h t .  m e d  depen-
dence is exp la i n e d  by the  f a c t  tha t the s h r i n k a g e  of f roz en  rock under  the
effect of load Is caused mai nly by reduction of i t -s ice con ten t . The  main
r ;ec L a n i s m  of tha t process in v o l v e s  phase  t r an s f o r m a t i o n s  of water  ( the l i q u i d

h a s e  of water i 5  squeezed out  and  cont  iou -us ly  made up th roug h the  i ce) .

Table 41. The influence of U i,  t o t a l  m o i s t u r e  c o n t e n t  (w~ on t h ., c ’ir ~ rtss-
a b i l i t y  (e)  of fr- zen s o i l s .  Loa d p 8 kg/cl’n (according to
A. C. Brodsk ay a , 1962)

A I ~~ .
- -  

~ i~~

_
• - -

I ( : - r.~- - -~~ ’ - - a ;  ,, : ‘c ~~ - .  1 . 2 l .~~l 3 -  L’ 2~~~’
2 h ~

- - ‘ 
2 . 1  - - I

‘to - . - 11) - )  - ‘.3 t. . i. t
3 fl - -os ieo i .  - - 

‘i ‘ ~~- ( ) ;  I ~ - 
- 0 2  •~

‘,j’ I . 2
- - -‘ .1 ‘ 1 0

~ c- ,~ - ~~~ ,-~‘ - ‘ - - J • - . 
- 

- - U 4 :- -~ . 2
‘1 ~~~ ‘ . , . . . .  - - - 1  H ~2 - . 1 :, , l

ey A - 1 ype -f g ro u n d B — I em} & - r a  t u r n , C C - I-c If Ic gravity,
g/cm~ D - w , 7. E - ice C O l l t ( l l t , %

I - Loam - i f  ma~~~ ive t ex tu r e  2 - Ditto 3 - sand ot massive tex -
ture 4 - Loam of laminated texture
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Table 42. Compressibility (e) of frozen b arns with different tota l moisture
content dOd cryogenic texture (according to A. C. Brodskaya ,
19o2). In the numerator , data at t -4 , in the denominator ,
at t 0.4°

1) ~. • ‘ ‘ ‘

A ) 
~

; ‘~~
:c
~

:;.
~L

I 1 0 l ~~~ 
(~

1 ~~~~~~~~~ 3~,0 L~ .3

2 
~~~~~~~~~ 

.~~j 4  I ,71 0.1 0 2 j 3 1 , 2.0

3 . I ~~~~~l .• , , 7 1 ,33 I .~ 2.4 3.0 3 , 2

3 t O_ 1 I ~~~~~~ l~~~1
:3.4 I. 1~ I ,~’ ~, 1 5 , 1

Key : A - ~rYo~enic texture B - Ice conten~, % C - Specific gravity,
g/crn D - e (%) at a load in kg/cm
1 - Massive 2 - Latticed 3 - Laminated

3. The Dependence of the Mechanica l Properties of Frozen Soils on Their
Structure

In examining the dependence of the mechanica l properties of frozen rocks on
their structure one should take Into consideration its dist inctive features ,
formed both before the freezing of deposits and in the process of cryogenesis.

Thus, the lamination which formed in the rock before the freezing has an
effect on its mechanica l properties also In the frozen state. This is clear-
ly illustrated by the results of shear tests of layered clay after it has been
frozen at a temperature of _400, which assures the formation of a massive
cryogenic texture. It follows from a c~ nparison of the curves of creep of
frozen clay during shear that if the shear plane passes along the lamination
the deformation e of the rock at any moment of time is greater than in the
case where the shear p lane is perpendicular to the la yers (F igure 87). C om-
parison of the short-term and long-term strength of c lay in the frozen state
in the presence of shear with  a d i f f e r e n t  d i rect ion of the shear surface to
the lami nation (Table 43) shows tha t , regardless of the amount of norma l press-
ure and time before destruction , in the case of a direct ion of the shea r sur-
face perpendicu lar to the laminat ion the strength of the rock always proves
to be far  greater than in the case where the shea r surface passes along the
laminat ion .

The presented data show that , in spite of i n t ens i f i c a t i on  of the strength of
bonds between particles of rock as a result  of its cementation by ice the
anisotropy of the mechanica l properties of the layered soil is also preserved
after its transition into the frozen state.
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Figure 87. Curves of creep of frozen Figure 88. Diagram of rap id shear of
laminated clay in the presence of frozen clay at t -2°: 1 - massive
shea r. The shear surface is paral lel  cryogenic texture, w 30-31%; 2 -

• ( 1) a nd perpend icular (2) to the lain- f ine-lattice cryogenic texture, w
ination ; t — ~~~~~ 6 — 25 kg/cm2, 29-31%; 3 - f ine-Lat t ice  cryogenic

— 15 kg/cm.. a ~? t, minutes texture , w — 32-347.; 4 - Ice (accord-n ing to N .  K. Pekarska ya , 1963).

Table 43. Resistance to shear of frozen clay (kg/cm 2 ) in the direction of
the shear surface perpendicular Cr1 ) and parallel ( t ~)t o  the
laminat ion . t = -10°C

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
A 10 NUN (

2 vac a  24 ‘4OC~Z 
—

Ne/ CM ’
~, (I.J /~ t1 t~ ~j  ~~~l 

~ 1~/T 1 tj  t j /~~

~~ ii 1~i1t;~ ~~~ ~~~~~~~~~ ~! ~:~ Key: A - ~~~, kg/cm2 B - Time of effect of load (2 minutes, 10 minutes,
2 hours and 24 hours)

The mentioned anisotropy depends on the dispersity, moisture content and
temperature of the frozen rock, which can be clearly traced on the basis0ofthe data of rapid tensile tests of layered sands and b arns frozen at -40
and having a massive cryogenic texture (Table 44).

The cryogenic structure also has a substantial  Influence on the n*chanica l
properties of frozen rocks G’ekarskaya , 1963). Thu s , in the region of in-
tens ive phase transi t ions, when the va lues of the tota l moisture content w
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Table 44. Temporary tensile resistance of frozen soils in the direction
of stress perpendicular (o1) and parallel (

~j 1) to the laminatIon

A r ~ HT I C /0 
/ c &  -

2,0 1 1 .0 0.18
10 l~ 3.5 1~~,0 0 , 17

2! 13 ,0 ‘2~~.0 ~~~1 21 21 ,0 30,0 0 ,10

15 5.5 18 . 5 0 .30
--20 18 12 ,0 29,0 0,11

2 1 18 .5 :~ ,o 0,47
24 25 .5 -5i , 5 0 , 63

10 4 ,0 13 ,5 0 .30
- 10 12 10.5 19 .0 0 , 55

13 2 1 ,5 2i5,5 0.~ l
2 ~ 18 31 ,5 32 ,5 0,97

10 10 .0 71.0 0.48
-—20 I? 15 ,5 25,0 0,62

iS 24 ,0 ~9,5 0 ,81
18 32 ,5 39,0 0 ,98

Key: A - Ground * - kg/cm
2 

1 - Loam 2 - Sand

are close the frozen clay in the case of massive cryogenic textures is char-
acterized by smaller values of the resistance to rap id shear, coupling and
friction than In the case of a latticed texture, for which with growth of the
ice schlieren the strength of the rock Increases (Figure 88). ComparIson of
the results of rapid shear tests of frozen clay with massive and laminated
textures also testifies to a smaller strength of ground without ice schlieren.
In that case, in samples of clay with a laminated texture, differing also in
a larger value of w, the shear surface was directed practically perpendicularly
to the lamination. Characterized by less strength are samples of frozen rock
with a massive texture in comparison with samples conta ining ice schlieren and

- - during long shear and uniaxia l compression tests.

The obtained regularities can be explained by starting from an estimate of
the strength of Ice and the connection of different contacts. At high tem-
peratures and with a brief effect of load the contacts of soil particles with
one another and with the ice as a resultof the presence of unfrozen water are
weakened sections in comparison with ice. Therefore the appearance of ice
schlieren and their development leads to strengthening of the frozen rock (in
cases where the surface of destruction passes through ice inclusions).

When the temperature Is lowered the correlation of strength of the Indicated
contacts and ice can change, as can be testified to by the results of com-
pression tests of frozen soils in the range of temperatures from -10 to _55

0
,

according to which under certa in conditions ice becomes weaker than frozen
rock (See Figure 81). The correlation of the strength of ice and contacts
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between the structura l elements of frozen ground also depends on the length
of the effect of load , as the strength of ice diminishes in t ime practically
to zero.

Also dependent on the cryogenic texture of frozen rocks is their compressi-
bility (Brodskaya , 1962) which, as the experimenta l data show, increases with
the development of the surface of resistance of ice with soil part icles.
Therefore the formation and growth of ice schlieren and the increase of their
quantity and thickness , characterizing the amount of the schlieren ice con-
tent, lead to increase of the compressibility of frozen soils (see Table 42).

4. The Dependence of the Mechanica l Properties of Frozen Soils on Their
Temperature

Data on the dependence of the mechanical properties of frozen rocks on tem-
perature are numerous, and in comparison with the factors touched upon above
the influence of temperature can be considered in a “purer ” form . The change
of the deformationa l properties of frozen soils as a function of temperature
can be traced on the basis of the moduli of elasticity and genera l deforma-
tion, the curves of creep, the coefficients of viscosity and the compression
curves.

The modulus of elasticity of frozen soils depends essentially on the tempera-
ture t, increasing with its decrease (see Figure 77), which characterizes the
the increase of the resistance of those soils to the effect of load in the
region of elastic deformations. In that case the influence of t diminishes
with increase of dispersity.

A similar influence of temperature on the resistance of frozen rocks in the
region of plastic deformations is shown by ccsnparison of the curves of the
dependence of the tota l deformation e on the boad~~ at different moments of
time at different temperatures (Figure 89, a and b and Figure 90, a and b).

o
I

10 } ‘Z,i• 
6,11/CM 1

; 

_______________________ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
:,..

t ,6

Figure 89. Dependence of the tota l deformation of frozen
rocks C on the load d at different moments of time. 9n 1_
axia l compression : a - sand , b - loam. 1 - ø~, kg/cm
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Figure 90. Dependence of the tota l deformation of f rozen
rocks £ on the boad cT at different moments of time: 1 -- 1;
2 - 3; 3 - 12 hours. Uniaxia l compression: A - sandy
loam; B - clay; a - at t = _20°; b - at t — -10°; c - at
t = -5° (according to S. E. Gorodetskiy, 1962).
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8 ‘ Figure 91. Curves of creep of frozen
sandy loam at temperatures: 1 - _2 0

0
;
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0 40 ~ 720 0 20 40 60 -8 - ;6 /. ~C

t~, ~r /cei 2

Figure 92 . Coeff ic Ien t  of viscosity ‘v~ of Figure 93. Dependence of the
fro~en sa ndy ~oafl1 at  t8mpera tures : 1 - temporary resistance to compress-
-20 ; 2 - -10 ; 3 - -5 • Uniaxla l coin- ion of frozen rocks to tempera-
pression : a - sandy loam; b -2 loam. ture : 1 - sand , w = 16-17%; 2 -

1 - 1g ’i~, pause 2 _ 0 , kg/cm sandy loam , w = 11-12%; 3 - clay,
w = 52-61% (according to N. A.
Tsytovich, 1958).
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The presented data show that the modulus of tota l deformation E , which is
a variable and depends on the time t and effective stress d’, increases when
the temperature is lowered, that is , the resistance of the frozen soils is
intensified with lowering of the temperature also in the region of p lastic
defo rma t ions,

Testifying to the same thing also is comparison at different temperatures of
the curves of creep of frozen rocks (Figure 91) and the coefficients of vis-
cnsity ’fl,, of the rocks, characterizing the resistance in the state of steady
flow (Figure 92).

According to S. S. Vyalov the dependence between the stress a and strain E
for frozen rocks can be described with the expression:

- - A (t) E” . (6.8.2)

The inf luence of the temperature t on the va lue of E is manifested through
the parameter A , the dependence of wh ich on time is described by the equa-

t i on A C~) — ‘Xt ’
~’. The parameter ~ is practically independent of t. However ,

the dependence ofX on t, according to S. E. Gorodetski y ( 1962) , in separate
ranges of t can be represented in the form

.1 (1) (j) (
~ 

~ . j )k (6.8 .3)

Th rough the modulus of tota l deformation E
0 

‘7’/E the coefficient A can be
expressed with  the dependence

A (s) -~~ E(t) E~~
m 

- - Em (t) a~~
m . (6.8.4)

As follows from the presented materials , reduction of the temperature causes
the same effect as the reduction of dispersity -- increase of the resistance
of frozen soils to the effect of loads. This results because both those in-
dicators are connected with the phase composition of the water in the frozen
rocks, which is one of the important factors on which the mechanica l proper-
ties of those rocks depend. However, when the temperature Is lowered , not
only does a change of the quantitative ratio of ice and the unfrozen water
occur, but also other processes. As ~s known, during the cooling of dispersed
rocks during the transition through 0 there is a sudden increase of their
strength, connected with ~he transition of water into ice. Further lowering
of the t emperature to -20 according to numerous exper imenta l data is charac-
terized by a smooth increase of strength, occurring, regardless of the granu-
lometrIc composition , with damping intensity (Figures 93 and 94), wh Ich is
reflected by equations of the type

o - A ~
- Bt Cl”, (6 .8.5)

a A - ~ / 3(n

The growth of the strength of frozen soils , like the above-noted dependence
of their detormationa l properties on temperature, is caused mainly by increase
of the strength of the ice and the v iscos i ty  of the unfrozen water and the
further crystallization of water and structura l transformations connected with
that (including the dehydration of aggregates, processes of coagulation , ard
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2 Figure 94. Dependence of the coupling
forces of frozen sandy loam (C) on the
temperature (t) at different times of

- “ the effect of load: 1 - 10 sec ; 2 - 10
mm ; 3 - I h~ ; 4 - 24 hrs~
a - C , kg/ cin b -  t C

ii -5 -10 —1 5 -20
1, “C

the migration of moisture and skeleton particles). However , the weakening
of the dependence of the resistance of frozen soils on the temperature t
when it is lowered is connected with the nature of the influence of t on the
mechanica l properties of ice and unfrozen water, and also with damp ing of
those processes.

Investigations in the area of low negative temperatures (down to _600) show
that below -20° a smooth increase of strength C~ with damping intensity can
be observed only for frozen sand (see Figure 83). However , for frozen clayey
soils (sandy loam , loam and clay) at a temperature below -20 to *300, however,
there is a far  more intensive increase of a~ than in the region from -10 to
-20° (the 0’ - t curve has a point of discontinuity) (Figure 83). Evidently
this  can be linked with the freezing of new amounts of water in f iner  pores
(for example, in aggregates, which are not present In sand), caus ing further
structural transformations , which is completely linked with the results of
investIgations of temperature deformations of frozen soils during their cool-
ing In the range of low temperatures. For frozen clayey ground the £tra ins
of ~ontractton during the lowering of their temperature differs only dogn to
-20 , and expansion is observed in the range from -20 to _600

• For frozen
sand, however , down to -160 there Is only a smooth development of stra ins
of contraction.

DurIng the long effect of load the dependence of the strength of frozen soils
on t emperature weakens somewhat (Figure 94); thIs is m a i n l y  connected with
the theological properties of the Ice.

According to S. S. Vyalov the reduction of the strength of frozen rocks In
time can be described by an expression of the type of

a ( t) -~ 
(6.8.6~
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The dependence of the short-term and Iong-ter~ strength of - frozen rocl on
the temperature t In the range of down to -20 is expressed through the
parameter ~ in the form

~ iy~. 
(6.S.7)

9• Forecasting Therma l Subsidenees of Soils During Thawing

During construction It is important to take into consideration whether exist-
ing permafrozen rock masses will thaw or new formations of frozen rock masses
will form within the limits of ta l iks, as in those cases there are very sub-
stantia l changes of the frost and geologica l engineering conditions. For the
forecasting of those processes It is necessary to know the composition , mois-
ture content , the cryogenic textures of frozen rocks , the ir t~ ermophysica 1
characteristics, the possibility and probability of their thawing and the
character of the frost and geolog ica l processes. On sections where the new
formation of frost is possible as a result of economic activity, the regular-
ities of Its formation and development must be established both in accordance
with existing natura l conditions of the given region and with consideration
of future changes.

During the thawing of permafrozen rock masses of great importance are the coin-
position and ice content (cryogenic textures) of the rocks. It is precisely
they which determine the degree of change of the properties of rocks during
thawing , and also the degree and intens ity of development of cryogenic pro-
cesses. Each geological genetic complex of rocks, depending on the character
of the freezing (the correlation of sedimentation and freezing), can be classed
as syngenetic , epigenetic or polygenetic frozen rock masses. The genesis of
loose thick rock masses is determined to a considerable degree by their  strati-
graphy. Deposits formed in pre-Quaternary time belong mainly to the eplgene-
tic. In northern and arctic regions, syngenetic frozen rock masses could have
formed during the entire Quaternary period. Near the contemporary southern
boundary of frost propagation, syngenetlc frozen rock masses formed in the
Upper Pleistocene and mainly in the Holocene. Polygenetic frozen rock masses
occur in a l l  the frost- temperature zones and are determined by the conditions
of the accumulation of contemporary sediments and their bedding in relation to
permafrozen rocks.

The thawing of frozen rock masses and the character of the processes accom-
panying them, as has alread y been pointed out, depend to a great degree on
the cryogenic structure of the rocks . For syngenetic roc k masses , in comp il-
ing a frost forecast it is advisable to distinguish three princ ipal types of
Ice content In rocks: 1) reopened-veIn ices; 2) schlieren cryogenic textures;
3) monolithic cryogenic textures.

In the presence of ice veins the process of thawing of permafrozen rock masses
proceeds slowly because of large phase transit ions on account of the thawing
of ice. This is clearly visible in outcrops with reopened-vein Ices, where
the thawing proceeds irregularly -- more slowly above veins and more rapidly
above enclosing rocks. During the thawing of syngenetic rock masses of that
kind very large therma l subs idences are noted which can reach 30-50% or
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more of the t h i c k n e s s  of the ti-sawing rock mass. Depending on the composition
of the rocks as a result of the thawing of reopened-vein ices (on lowland sec-
tions) or baydzhera khi [hillocks remaining after glaciation] (on slopes , see
Figure 123). The tota l depth of the therma l subsidence will be determined by
the depth of the thawing basin wIth consideration of the weighted average ice
content of the tha wing rock mass.

Dur ing the thawing of syngenetic rock masses with a laminated and laminated -
lattice texture the subsidences can also achieve large v.. dues -- 10-20% of
the tota l thickness of the thawing rocks. As a result , alassy [depressions
in the pergelisol] basins or thermokarst lakes form. During the thawing of
syngenetic rock masses with a monolithic cryogenic texture the therma l sub-
sidences usually are less considerable. Therefore a quantitative estimato
of the therma l subsidences during the thawing of frozen rock masses must be
giv en for  each geologica l genetic complex of-rocks with consideration of facia l
changes of the deposits and distinctive fea tures of their moisture content and
cryogen ic textures. Thus, for examp le , syngenetic duluvial-solifluctiona l de-
posi ts are charact er ized by the presence of undergr oun d ices of both segregat ive
and sol i f lu c t iona l orig in and buried firn basins.

Segregationa l ices form in the process of accumulation of deluv ia l deposits
with their annua l seasona l freez ing and thawing. The latter leads to frost
differentiation of the mater ia l in the layer of seasona l thawing and the evacu-
ation of fine-gra ined filler and as a result of that to the specific structure
of that layer and the upper part of the profile of permafrozen rock masses
(Figure 95). Frequently in that case under the layer ~. f orms a layer of a lm ost
pure (bald peak) ice with a thickness of 0.3-0.5 m or more. From the surface
usually lie s large-fragment or block material , at times almost without filler .
As a result of that an Impression can form of the presence of a rocky base
under them and the geolog ical engineering conditions of that section can erron-
eously be considered favorable. Actually, on the given section the therma l
subs idences can reach 1 or 2 meters or more.

The ice distr ibut ion In fork formations is extremely irregular and separate
exploring holes may be unable to revea l their beddings. To revea l them and
contour them for geolo~ Ica1 engineering purposes , geophysical surveying methods
should be used. A therma l subsidence on such slopes causes slides , over f lows
and ava lanches. As a rule , in that case the thickness of buried ices and firn
fields is kept within the limits of tens of cm and rarely reaches 2 or 3 meters.
A characteristic fea ture  of those ices Is their wide distribution in the form
of separate  small islands , which give considerable therma l subsidences.

Calculation of the Amount of Therma l Subsidence During the Thawing of Perina-
Frozen Rocks (Example 30)

Determine the therma l subsidence of ground , for example, at the base of a
highwa y being planned in a perwafrost  region.  The s t a r ti n g  data  a re :  deposits
to a depth of 18-20 meters consist of b arns la

~ 1~~ 
which in the l~ yer of sea-

sonal thawing have the va lues: ‘
~
‘
sk 

— 1100 kg/rn 
~Spec 

= 2.7 g/cm ; w — 38%;

1.0; )~.f = 1.3 kcal/(m )(degree)(hr); Cspec 
= 0.19 kca l/ (kg) (degree).

Data on the amount of unfrozen water in frozen loam are presented on Figure 96.
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Figure 95. Examples of the correlation of the depth of thaw-
ing and of occurrence of deposits on steep slopes (according
to T. N, Kaplina , 1970): a - depth of thawing coincides , b -

considerably exceeds, c - does not reach the base of the layer
of crushed stone without f i l l e r . In the left column is the
lithology and in the right the cryogenic structure of the
rocks : 1 - humif ied layer ; 2 - sandy loam or loam with crushed
stone; 3 - crushed stone; 4 - crushed stone with sandy loam
and loam filler ; 5 - crushed stene; 6 - depth of seasona l
thawing; 7 - basal cryogenic texture ; 8 - combination of
crusta l and fine-schlieren texture ; 9 - fractured cryogenic
texture.
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• Figure 96. Gra ph of the dependence
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of 
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in loam on temperature.
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In the permafroz~ n state those b arns are characterized by: ~ k 
= 1000 kg/rn

3
;

~
‘
spec 2.7 g/crn ; w = 57%; W . = 33%; 

~~ 
= 0.9 kcal/(m)(de~ ree)(hr). The

cryogenic texture of the frozen b arns is fine schlieren and laminated .

The climatic conditions of the region are determined by the following data :
t = -8.2°; A 23°’ z = 0.5 rn; p — 0.19 g/cc.
air air ‘ sn Sn

Under natura l conditions t is elevated by 0.3
0 

on account of the p lant
cover and A Is reduced 

a r
by 1.5

0
.a ir

Snow is cleared off the roadbed and in the sumner the average maxima l tempera-
ture (t

d
) is 8° higher than the corresponding air temperature (t i ma

) ;

in win ter the maxima l average monthly temperature on the bed is practically
equa l to the corresponding air temperature (t t ) .

road-max air-max

So lu t ion .  The procedure in solution must be as follows. First it is neces-
sary to de te rmine  the temp era ture  reg ime on the sur face  of the ground and the
depth of seasona l thawing under na tura l condi t ions. Then it is calculated
what sort of temperature regim e will exist on the roadbed and by how much the
depth of seasona l thawing will increase. For deposits occurring at a depth
determined by the d i f fe rence  between the depth of thawing and the natura l con-
ditions and under the roadbed the depth of the therma l subsidence is calculated.

1. We determine t under natura l conditions. The warming influence of the
sn ow is found wi th°(5,3.lO): & ~~ 6.4

°. Then we find t and A with con-
sn 0 0

sidera tion of the influence of the snow and p lan t covers:
- —-- 8,2 -

~ 0,3 -~ 6,4 - —

A0 - - - 23—6,4—- 1 ,5 =-. 15 ,1°,

10 .~~ - ~~~~~
-
~
- - - ~

-
~
-

~~~
- — — 8,3°.- - 2 2

2. We calcu late c~,01~~ and Q~ wIth (4.1.7) and (4.1.8):

- 0 19 • 1 100 _L ~~
_ _ i.I O(l - ( j2 7 K~a1.1/.4t 3 2pW9.
100

In calculating Q,~ we take W Into account , assuming that the average monthly
t empera ture in ~

‘the freezingtm layer is close to 1/2 t — -8.3°, at which the
amoun t of w on the average for the la yer w i l l  be ~%‘ (see F igure  96):

(3S — 6)1100Q,~ = 28 IGO KPca.1/3 ~
3.too

3. We calculate ~ under na tura l condi ticr is .  To do that  we f i n d  i~t~ in the
layer ~ with  the nomogram (see Figure 33). Under nat r~~l conditions it is
equa l to 1,0°. Consequently, t~ — -1.5 —1.0 — -2.5

With a nomogram (see Figure 15) we find I in accordance with the following
starting data: A = 15,1 ; t~ — -2.5 ; Q0 

= 28,160 kcal/m 3; C,,,01~~ 627
kcal/(m )(degree); X

~ 1.0 kcal/(m)(hr)(degree) . We obta in .~ ~ 1.5 meters.

4. After construction of the road , along its route there are substant ial
cha nges of the tempera ture regime of the soi ls  and the depth of their seasona l
tha wing . These changes are connected wi th  the fact  that In the winter  the
soils are greatly cooled , since snow is regularly removed from their surface.
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and in the summer they ar e f a i r ly well wa rmed as a r es u l t  of the i n f luence
of the road covering (the a lbed o  of a sphal t  Is low , and th~ hea t loss due to
evaporation from the surface becomes in practice a very small amount). As a
result the annua l amplitude of temperature fluctuations on the surface of the
roadbed (A 

d~ 
increases substantially, and the average annual temperature

(t
d

) roa d d s l i g h t l y .

In accordance w i t h  the conditions of the problem , in the presence of a steady
temperature regime we w i l l  have

A~~~~23- ~~4 =21 .1, J_ .\i~ ,~~; A(~,~~~° ~~~~

= ~-8 2 4 ~= - - 4 ,2° (I a + 
.\c .~).

Tha t temperature regime determines the average established depth of seasona l
thawing and the temperature of the ground at that  depth. Upon a t t a inment of
a steady regime the character of the ground in the upper part of the layer of
permafrozen rocks also changes. It is obv ious that after the lapse of some
t ime (3-5 years) the permafrozen soils which have gone into the seasonally
thawed state w i l l  in their composition and properties approach soils of the
layer of seasona l thawing under natural condit ions. With  the nomogram (Figure
15) we find that the depth of seasona l thawing of the ground corresponding to
the steady reg ime is 1.85 meters (the initial da ta are as follows : A 

d 
=

— 27°;3t~ ~~ -5.0°, with considera tion of the temperature shift; Q 
roa 28 ,160

kcal/m ; C,,,01~~ 
— 627 kcal/(m3)(degree); )t

~~ 
1.0 kcal/(m)(degrJ)(hr).

However , for calculation of the therma l subsidence the depth of ~ must be
determined , not according to the average perennial values of A and t
but according to their va lues in the warmest year , the recurr e~2~~ of whiS~ ’

~
1

amounts  to at  least once in 10 years. Since in a separate warm year on the
inv esti gated section t increases by 2 (1st ) and the amp l i tud e incr eases
by 4

0 
(~~A 

) in rela~~l~ n to the average perLk~~ial  va lu es , then it is obv i-
ous that a 

~~he depth of if that year will be deeper than 1.85 rn.

5. We determine the dgpth ~ of the ground in a warm year. In that case we
leave t~ equa l to -5.0 and we increase the amplitude of temperature fluctu-
t ions  on the  sur face  of the road by the sum of ~ t and ,~tA • , as is done in
ca lculat ions of the potential freezing or thawing

a
~~ xample ~~~~~~ that is ,

A — 2 7 + 4 + 2 — 3 3 °.r oad

W ith the nomogram (see Figure 15) we f i n d  that  ~ 2,0 m,
I

6. We ca l cu l a t e  the size  of the therma l subsidence dur ing  thawing  of the
Icy layer of permafrozen rocks as a resu l t  of increase of the depth of sea-
sona l thawing under the roadbed.

The thickness of the icy layer giving the therma l subsidence is

/z -- - 2,O - 1 ,5=0,5 A l ,
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,~~( calculatt t I l (  S 1/~& - of t h e  subs idence  (S)  w i t h  t he  f o r m u la  ef A .  1. fcL -
1 intaev (1964 ) -

~ . ( . _  
/1 , (1.9.1)

- h  
- • _~ f .

a r e s u l t  of the c a l c u l a t i o n  we find that during coastruction of a road  on
the section on which the given type of permafrost is widespread the therma l
subsidence as a result of increase of the depth of seasona l thawing is 9 cm.

To verify the correctness  of the d e t e r min a t  ion of the maxima l t h ic k n es s  of
he layer of icy pe rmaf rozen  ground g i v i n g  a therma l subsidence as a result

of inc rease  of the  depth of seasona l t h a w i n g , one shou ld  a l s o  c a l c u l a te  the  
-

depth of t h a w i n g  f o r m i n g  in the f i r s t  year  of c o n s t r u c t i o n , when the  tern-
~er~i t u r e  regime of t h e  ground s t i l l  differs insignificantly f r o m  tha t  exist-
ing under na tura l conditions (t~ 02.8°) and the profile of seasonally thaw-
ing rocks already has a two-layer structure. It is obvious that the tempera-
ture conditions on the surface of the roadbed in tha t year  depend on weather
conditions. For calcu lations it is advisable to take data characterizing a
v er y  warm year , that  is , A d 

= • The two-layer structure can be taken
into consideration by dete~~~ ning the values of C,,,01~~~, ~~ 

and (~~ by the

method of weighted-average values , assuming provisionally that the depth of
t h a w i n g  increases  by ap pr o x i m a t e l y  30% as compared with natura l conditions.
The f i r s t  layer  represents soils which tha w seasonally annually. Their thermo-
ph y s i c a l p rop er t i e s  were presented above. The second layer  re; r esen ts  the
u-

~i1 er p a r t  of the perniafrozen rock mass. Their thermophysica l properties are
as f o l l o w s :

- 0, 19 . 1000 -~~- 1 ,0 • 570 1~
() ‘ i :,, •~pw).

The amount  of u n f r o z e n  water  f o r  tha t l aye r  can be dete rmined  a t  a t empera-
t u r e  equa l to the  average annua l ( _ 2 .80 ) , a t  which  Wun — 9%. C o n s e q u e n t l y :

Q~ 
- ~l )  ~6 4h I 5~aJ Z t(’ -

Then t h u  we igh ted  average va lues  of the c h a r a c t e r i s t i c s  w i l l  be:

‘2 / - I S  - It):;
h i O  ~~5 O.Z

- - 
2~~1~

() - I 5 A ~~4 u ) 0 ,  
~07~O K~~ J U ’ ,

2. 0
- 1 , 0 - I . 5 O .’~ 1 ) 5 0 , / K~~(L? 4 i - ~~J) . J ( 3 - ¼ L ~t .

2.0

I n  accordance w i t h  the o b t a i n e d  d a t a  we determine the maxima l depth of thaw-
ing under the roadbed in the first year after construction. With the nomo-
gram (see Figure 15) we find tha t ~ ~~

‘ 2.1 meters , tha t is , exceeds by 0.1 m
the depth of t h a w i n g  adopted in the  c a l c u l a t i o n  of the therma l subsidence.
For a definitive estimate of the size of the subsidence it obv ious ly  is ne-
cessary to take a larger depth of thawing. In the given case it is p r e fe r a b l e
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to assume t h a t  I t  is equal  to 2 .1 mete r s .  But tha t w i l l  g ive an increase of
the  therma l subs idence  t o t a l l i n g  1 cm , wh ich is not of great  imp ortance.  In
other cases tha t d i f f e r e n c e  can be grea ter , and then it should be ta ken i n to
consideration .

In conclusion it must be noted that not under all gonditions will the depth
of thawing  of ground observed in the f i r s t  year be greater  than the depth of
t h a w i n g  corresponding to the  new tempera ture  regime of the ground.  There fore
in s o l v i n g  each concre te  problem one should  a n a l y z e  the r e gu l a r i t i e s  in the
f o rm a t i o n  of the depths of seasona l thawing of the ground , as was shown in
examp le 30.

In the case of an u n f a v o r a b l e  forecas t , when the therma l subs Idences reach
large va lues , i t  is necess -ir y  to provide fo r  measures  to eliminate them and
con t ro l  the f r o s t  process.  The l at t e r  can be achieved by c o n s t r u c t i o n  accord-
ing  to the p r i n c iple  of pre se rva t ion  of p ermafrozen  rock masses in the base
of the c o n s t r u c t i o n  or accord ing  to the  p r i n c ip le of t h e i r  p r e l i m i n a r y  t h a w i n g .

In the case where a large territory with widespread reopened-vein ice or
permafrozen rock masses wi th  schlieren cryogenic textures is to be opened up,
when it becomes practically impossible to app ly bo th those pr inc iples , it is
necessary to p lan the filling in of large-skeleton soils , the thickness  of
which must be especially calculated.

Calcu lation of the Height of an Embankment Constructed to Prevent Therma l
Subsidences of Soils (Example 31)

Calcula te the height to which an enbankinent should be erected on a sect ion
of the route  of a highwa y in order to exclude the thawing  of s t rong ly  iced
frozen soils which give a large therma l subsidence. As a result of a frost
survey it has been established that the upper part of the profile of the
frozen ro~ k ma~~s consists of stro~gly iced peatized b arns, character ized by:
1sk 870 kg/rn ‘

~spec 
2.7 g/cm ; w — 67%, w 1 ~~ — 0.78 kcal/(m )

(degree)(hr) .

In the layer of ~easona 1 thawing lie silty b arns with the characteristics.

~
‘
sk — 1000 kg/cm ; w — 36%, >~ — 1.0 kcal/ (rn)(degree)(hr); ~~~~ — 540

kcal/ (m 3)(degree); Q~ — 24 ,OC0 kcal/m
3
; wun 6%.

The tern~erature regime of the soils is characterized by the following data :
A — 10 ; t — ~ 1.70 .

1
Duri~ig construction the temperature conditions varied along the path of the
h i ghway: tj  increased to -1.0° and A increased to 25 in warm years.

Solution. 1. We determine that under natura l conditions the depth( amounts
to 1.2 meter. It was calculated with the nomogram (see Figure 16) at the
following initial data:

10° , /- -—1 ,7°, C0~ 540 ,~w i i i ~ ’paO , Q
~ 

24000 ?c?ca.f/M 3,

=- 1 ,0 Kha 7/ M .~’p ui.l.~ ac .
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2 • A f t e r  cons t ruc t  ion , as a r e su l t  of change of the temperature conditions ,
tha t  is , at A — 25” and t,~ — -1.0 , the depth of the seasona l thawing in the
same grounds °increases to 2.2 rn. Since under natura l conditions from a depth
of 1.2 ci lie Icy frozen b arns, the newly formed depth in the first years will
be smaller than 2.2 m. In subsequent years , when the temperature regime has
become s t eady,  the depth  ~ obviously will attain that va lue if the b arns which
have thawed , which went over in to  the s e a so n a l l y  thawed state , will have pro~
per t ies  charac te r i zed  by va lues  of C

1
, Q~ and X close to those cited above.

3. We de te rmine  the therma l subsidence S as  a r e su l t  of t hawing  of icy b arns
wh ich before construction were in a perniafrozen state.

Upon Increase of the depth of thawing by 1.0 ci (h 2. 2 - 1.2), in accordance
w i t h  (6.9.1) the subsidence is equa l to

S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • 1 ,0 —/ 0 ,25 ~t.I ‘ 2,7

When such a subs idence  proves to be un a l l owable it is necessary to  erec t an
embankment  w i t h  a he igh t  of a t  least 1.0 m in order to protect the permafrozen
rock mass aga inst thawing. However, in planning the embankment one should
calculate the depth of potent ial seasona l freezing in order to correctly deter-
mine the allowable height of the embankment at wh ich the possibility of for-
matio r-i of non-convergent fro~ t. Under the given conditions (A — 25°; t~
— 1.0 ; C,,,01~~ — 540 kcal/ (m )(degree); Q,1 

24,000 kcal/m ; >~ 1.0 kcal/

(m)(degree)(hr)) the depth of potential freezing is f ‘
~~ 2.5 ci. Consequently,

if the etnbankinent Is erected at the end of the summer~ when seasona l thawing
of the ground to a depth of 1.2 ci has occurred , the he ight of the embankment
must be at least 1.0 m but also not more than 1.3 m . It is obvious that the
embankment height in case of need can be made larger if it is erected in win-
ter or at the start of spr ing, but even In that case it cannot exceed 2.5 m.

In compiling a for:cast of the change of the frost engineering geologica l con-
ditIons on sections where syngenetic permafrozen rock masses are widespread
i t also is necessary to take into consideration their dist inctive features in
connection with the latitud ina l zonation and height zonation . This app lies
espec ially to the distr ibution of different types of syngenetic permafrozen
rock masses conta ining reopened-vein ice. Within the limits of the first two
frost-temperature zones reopened-vein ice , as a rule , either is absent or is
deve loped locally and is of small thickness. In the three rema ining northern
zones they are widespread and their distribution increases from south

- 
- to north, as a rule. Their thickness also increases in the same direction.

In the fifth zone and in the northern part of the fourth their thickness at-
tains 10-20 meters, in places 30-50 m. The width of the ice wedges in tha t
case often reaches 3-5 In at dimensions of the ice lattice of 7-9 m , more rarely
12 m . At the same time the depth of bedding of reopened-vein ices from the
surface decreases from south to north in accordance with the decrease of thick-
ness of the layer of seasona l thawing. This has the result that the proba-
bility of thawing Increases during the economic opening up of t e r r i tory from
south to north. In northern arctic reg ions even a slight damage of the p lant
cover can lead to the development of thermokarst (examples 14, 15 and 16).

294



____ - 
- - —

Syngenetic rock masses with schlieren cryogenic textures are encountered
locally within the limits of the first two frost-temperature zones. This
Is connected with the fact that freezing from below in the layer of suniner
thawing is extremely small in those zones. In more northerly zones freezing
from below reaches cons iderable values (in zones IV and V up to 30-40% of the
entire thickness of the layer of seasona l thawing). Because of t h i s , perma-
f rozen  rock masses with thick, mediuni and thin schlieren laminated cryogenic
textures in the upper levels are widespread in the north. The thickness of
the latter can reach 10-20 m or more.

Buried and solifluctiona l ices and firn basins are widespread, as a rule , in
frost-temperature zones III , IV and V , they are not encountered at all in
zone I, and are encountered locally in zone II. They are most widespread in
the northern parts of zone IV and in frost-temperature zone V. They also have
maximal thickness there. Host often they are widespread on steep bare sl opes
composed of large-fragment material.

Therma l subsidences during the thawing of epigenetic frozen rock masses, just
like syngenetic , are determined by the ice content and distinct ive features
of the cryogenic structure of the rocks. Epigenetic rock masses are charac-
teristic of pre-Quaternary deposits and younger ones if their cryogenic age
Is determined by shorter time segments than the time of their formation. The
cryogenic textures of epigenetic frozen rock masses are characterized by great
variety and depend on the composition and genesis of the deposits, on their
moisture content and the regime of the subsurface waters, and also on the con-
ditions of freezing.

In compiling a forecast of the change of frost condit ions, and in part ic~ilar
a forecast of therma l subsidences during thawing of ep igenetic permafrozen
rocks, it is necessary to use as a basis analysis of the types of frozen rock
masses . In that case one should above all distinguish permafrozen rock masses
of river valleys (and their slopes) and reservoirs. Within the limits of
river valleys epigenetic frozen rock masses are characteristic of denudation
terraces and slopes of valleys , including those deposited in solid rocks. In
rock formations the ice inclusions are concentrated in the weathering joint s
and zones of tectonic faults. In that case, in the process of thawing the
therma l subs idences usually are not observed , but during thawing the coeffic-
len t of filtration of rocks increases sharp ly.

Epigenetic rock masses in river valleys composed of loose Quaternary deposits
have a different ice content in different latitudina l zones. In the first
two frost-tempera ture zones the th icknesses of permafrozen rock masses usually
form within the range of from several meter s to 100-150 meters . Their ice
content form s as a function of the composit ion of the rocks and the drainage
conditions. In sandy-pebbled deposits in the presence of water-bearing hori-
zons mainly massive, massive-porous, at times basal cryogenic textures are
noted. Layers and lenses of ice are encountered rare ly  and are usually con-
nected with injection ice. The therma l subsidences in that cases most often
do not go beyond the range of 3-4 cm ’ - •  When sandy loam and loam lenses and
layers representing facia l changes ~uvia1 deposits are encountered in
sand and gravel deposits, the cryogi~ textures in them can be laminated ,
lens-shaped and porphyraceous. During the thawing of those lenses the sub-
sidence can atta in considerable d imensions, of the oi~der of 10-12 or more cm/rn.
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In sandy-pebbled alluvia , In the absence of subsurface waters the ice content
Is extremely small and no therma l subsidences are observed , as a rule , dur ing
their thawing .

In deposits of flood-plain , riverbed and oxbow lake deposits , consisting of
sandy loam and loam , lens-shaped , lamina ted , lattice or cellular or grid
cryogen ic textures are encountered. To determine the therma l subsidence In
tha t case it is necessary to have data on the moisture content and Ice content
of the frozen rocks by fad es. In that cast it must be borne In m i n d  t h a t  in
the first two frost-tempera ture zones the maxima l ice content of ep ig ene t i c a l l y
f r o z e n  dep osi t s  is concentrated in the upper 10-20 m. De-eper , the Ice conten t
d i m i n i s h e s , as a rule. Therefore in comp iling a forecast of therma l subsid-
ences it is necessary to take in to  c o n s i d e r a t i o n  the d imens ions  of the  b a s i n s
(aureoles)  of t hawing  under the structure.

On water div ides and their slopes a difference of ep igenetic rock masses from
those in valleys is noted especially with respect to the composition ~nd gen-
esis of deposits. In solid rocks the Ice content of the deposits is connected
wi th weathering joints and tectonic fissures. The thawing of those rock masses
often leads to slides and avalanches on steep slopes. The thawing of such
frozen rock masses at reservoirs and in valley floors often is connected with
the formation of loca l fissure waters and the formation of perforated and un-
perforated taliks. -

During the freez ing of de luvial-eluvial deposits composed of wood and gravel
materials , massive-porous, basal and , when there is a large accumulation of
ice , ataxitic cryogenic textures are usually encountered. In sandy loam and
loam materia l conta ining crushed stone, laminated , lens-shaped and crusta l
textures are encountered. In that case the character of the textures Is de-
termined by the hydrogeologica l conditions and , in part icular , by the charac-
ter of the subsurface waters and the moisture content of the rocks.

In conclusio- it must be noted that in forecasting therma l subsidences it is
necessary to take into consideration the possibility of the formation of ac-
companying cryogenic processes and effects (landslides , overflows, thermo-

• karst, swamping, etc) which have a great inf luence on the stability of struc-
tures.

10. Forecasting Changes of the Geologica l Engineering properties of Frozen ,
Freezing and Thawing Rocks

Frozen soils consist of a four-component system (minera l particles , ice, un-
frozen water and air), the properties of which are determined by the percent-
age ratio of the content of each of the components and the structura l features
of the rock. The presence In frozen soils of a rock-forming minera l -- ice --
is a characteristic of them. The mineralog ica l , granulometric and saline corn-
positions of frozen rocks are determined by their geologica l genetic features.
The influence of cryogenic processes on the granu lometric composition of rocks
is expressed mainly in the formation of silty fractions. The ice content in
soils is determined by the li thological  fad es to which they belong , the
moisture content and hydrogeologicab conditions before the start of freezing,
a nd the conditions of freezing and of moisture migration toward the front of
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freezing. As a result of that variou s cryogenic textures of fr ozen so i l s  f orm ,
characterized by the presence of different ice inclusions (schlieren , patches ,
crusts, eta). In mineral layers of the soil a monolithic cryogenic texture
with ice cement is observed. In those layers is the princ ipal part of the
unfrozen water of the frozen ground. Its quantity depends on the dispersity
of the soil , Its minera logica l and saline composition , its content of organ ic

matter and its temperature. The character of the change of quantity of un-
frozen water as a function of temperature for concrete soils Is shown on Fig-
ures 12, 13, 14, 27, 31, etc.

The regularities of the change of the geologica l eng ineering properties of
rocks as a function of composition , structure and temperature can be illus-
trated by the data on Figures 73-94. It is evident from the presented graphs
tha t  soi ls  of sandy and gravel-pebble composition differ sharp ly in thei r
propert ies from dispersed varieties. The unfrozen water contained in them
exerts an espec ially great inf luence on the proper t ies  of f rozen  so i l s .  The
dependence of their transparency, rheolog ica l and thermophysica l proper t ies
on the content of ice and unfrozen water  is shown on Figures 76, 78, 79, 82 ,
83, etc.

Thus in the economic opening up of territory which leads to change of the tem-
perature regime of frozen rocks and to change of their therma l state on the
whole (frozen or thawed) there Is a substantial change of the properties of
the soils, in connection with which a need arises to forecast those changes.
The forecasting of change of the geologica l engineering properties of rocks
should be subdivided into two parts: I) forecast of the change of properties
of frozen rocks in connection with their thawing and of thawed rocks during
their freezing ; 2) forecast of the change of properties of frozen rocks in
connection with change of their temperature regime in the range of negative

- values.

During the thawing of frozen soils , besides a sharp change of the composition,
structure and properties of the soils one should take into consideration sub-
sidence dur ing thawing, which is a specia l characteristic of thawing grounds.
During the freezing of thawed grounds it is necessary above all to take into
account the change of their composition (the appearance of ice), the formation
of cryogenic textures and heaving, as a result of which all the properties of
the soils change. Consequently, in comp iling a forecast of the change of
frost conditions, sections are distinguished in which, as a result of the
productive activity of man , the following are expected : a) thawing of perma-
frozen rock masses and the formation of tal iks; b) formation of permafrozen
rock masses again within the limits of a thawed mass of rocks and c) change
of the temperature regime of rocks while preserving them in the frozen state.

In the case of thawing of permafrozen rock masses the princ ipal forecasting
characteristics are the dynamics of thawing in t ime, the character of the
therma l subsidence and the expected consistency of the thawed soils and their
properties. For the forecast it is necessary to have a complete character-
ization of the phys ical properties of the frozen soils , namely: the specific
gravity of the skeleton of the rock, the specific gravity in the frozen and
thawed states, the ~baolute moisture capacity, the natura l moisture content,
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the l i m i t s  of p l a s t i c i t y ,  the f i l t r a t i o n  c o e f f i c i e n t  and the thermophysica l
prop er t ies .  The dynamics  of thawing  of f rozen  rock masses can be determined
in accordance with the above-indicated procedure , analysed in examples 1, 3,
4, 5, 13 , 21 and 22. A procedure for  d e t e r m i n a t i o n  of subsidences dur ing
thawing is presented in examp le 30 , frorn which i t  is evident tha t the  therma l
subsidence is ca lculated for  the en t i re  expected layer of thawing , if t h a w i n g
of f rozen  rock masses is expected on large areas , the therma l subsidence is
c a l c u l a t e d  for the  en t i r e  th ickness  of the permafrozen  rocks. In t h a t  ca se ,
when the process of thawing  is l i m i t e d  to a b a s i n , the subsidence is ca lcula ted
only  w i t h i n  the l i m i t s  of its contour .

In r e l a t i o n  to the expected properties of tha wed rocks it should be sa id that
the initial moisture content and ice content of soils are decisive aspects.
When the tota l moisture Content of the thawing frozen rocks does not
exceed the c r i t i ca l moistur e content (w 

r~ 
the properties of those so i l s  will

correspond to the thawed state at the given moisture content. For thawing
soil s with a tota l moisture content greater than the crit ica l the properties
will be connected with the dynamics of thawing and the rate of separation of
the excessive moisture accumulating on the surface. In the case of thawing
of f i n e l y  dispersed rocks , of ten  a po r t ion  of the excessive mo i s tu re  is en-
trapped in the ground and masses of moisture-saturated , often silty soils form
wh ich have a zero carrying capacity and are completely unsu itable as the base
of any structure. Such soils requ ire serious improvement measures, and later
filling with large clump soils. A calculation of the amount of such filling
is presented in example 31.

In the case of new formations of permafrozen rocks it is necessary to forecast
their distr ibution over an area , the conditions of the ir bedding (in the sense
of determination of the depth of pe rmaf ros t)  and the temperature regime.
Methods of making that forecast have already been examined in examples 4, 5,
25 and 26. In forecasting the properties of freezing rocks the main attention
ought to be given to the formation of cryogenic textures for each geologica l
genetic type and litholog ica l variety of rocks. A forecast of the formation
of cryogenic textures can be obta tn~ 1 with the procedure presented in section

• 3 of Chapter 6. The data of section 7 can be used to determine the thermo-
physica l properties of rocks. The procedure of their ca lculation is presented
in example 28.

The change of the geologica l engineering properties of frozen rocks connected
with change of the t empera ture of frozen rocks is very widespread. Noted in
Chapter 4 were the role and importance of separate factors of the natura l en-
vironment in the formation of the temperature reg ime of rocks. The procedure
for taking into cons ideration the influence of the princ ipa l components of the
natura l environment on the formation of the temperature reg ime of rocks and
the depths of seasona l freezing and seasona l thawing is presented in examples
9, 10, 11 , 12, 13, 14, 15, 16, 17, 18, 19 and 20. The procedure for calculat-
ing the stmunary influence of a l l  the princ ipal factors is shown in example 22.

In accordance with the results of the forecast and as a function of the tech-
nical conditions of the opening up of the territory, methods of controlling
the frost process for productive purposes can be worked out. By regulating
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and controlling the temperature regime of rocks It is possible to control the
process of freezing and thawing of soils , and also directively change the
properties of soils in the frozen state. Thu s, for examp le , in the process
of f o r m a t i o n  of permafrozen rocks it is possible to observe the formation of
cryogenic textures with a large quantity of ice schlieren , whic h in t u rn  is
accompanied by intensive heaving, as was shown in section 3 of Chapter .6 ar~
section 3 of Chapter 9. Heaving of the ground can be prevented or substantially
reduced by dra in ing  the area of t he i r  p ropaga t ion  and r e gu l a t i n g  the c o n d i t i o n s
and r a t e  of f r e e z i n g  by means of snow, blackening the surface , shading It and
other mea sures indicated in section 5 of Chapter 6.

In working up a forecast it is necessary to prepare a list of measures to
control the frost process in order to obta in optimal conditions for the opera-
tion of structures and optimize the economics of construction. Depending on
the type of construction and distinctive features of the geologica l engineer-
ing and frost conditions the specific content of the forecast af change of frost
conditions and the properties of frozen rocks can vary, but the genera l basis
will be preserved.

Everything said above indicates that a forecast of change of the geologica l
engineering properties of rocks and the development of pr inc iples and methods
of their control can be accomplished only on the basis of a frost survey, in
the process of wh ich the genera l regularit ies in the formation and development
of the geolog ica l engineering conditions in a region of permafrost are studied.
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Chapter 7. Regularities in the Formation of Taliks and Forecasting
Their Formation

1. Ta l ik  C lass i f i ca t ion  by Reasons for Their  Formation

In the area of permafrozen rocks taliks (tabetisols) are of great importance
in the solution of theoretica l and practica l quest ions of geocryology, espe-
cially in the geologica l engineering evaluation of territory and the study
of subsurface waters.

It is very important to expla in the reasons for the format ion  of t a l iks  and
the conditions of their existence, which makes it possible to give not only
a forecast of their development in the economic opening up of territory but
also a forecast in the direction of searches for talik zones.

The formation of taliks is determined by the character of the heat exchange
on the surface of the ground and in the rock mass as a function of the spe-
cif Ic geologica l structure and geographica l situation , and also other elements
of the natural environment.

The reasons for the formation and existence of taliks ought to express both
qualitative and quantitative interconnections of the temperature regime of
the rocks and the radiation heat ba lance of the surface and therma l cycles
in the soils. Such interconnnections ar e the bas is of the genetic class i-
fication of taliks, on wh ich their study nist be based.

The classification developed by N. N. Romanovskiy (1970, 1972) is such a
genet ic classification , constructed on qualitative interconnections of defin-
ite types of tal iks and the conditions in which they form and exist . A new
genetic classification of taliks (Table 45) has been compiled for the main
taxonomic subdivisions of the c lass i f ica t ion of N.  N. Romanovskiy by ostab-
l ishing bilatera l quantitative dependences in the heat exchange between ta l iks
and the princ ipa l geologica l , geographic and thermophys ica l condi t ions  char-
actertáttó of frost-t~ nperature zones.

The determination of the ma in reasons for the formation and existence of
taliks and the character of the connection of those causes with heat exchange
are a distinctive fea ture of the given classification.
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Calculating methods based on use of approximate  fo rmulas  for  s o l v i n g  the
S t e f a n  problem (Chapters 4, 5 and 6) can be used on the basis of the corre-
la t ions , indicated in the c l a s s i f i c a t i o n, of types of t a l i k s  w i t h  the  reasons
for  t he i r  f o r m a t i o n  in the study and c h a r a c t e r i za t i o n  of t a l i k s  for  the  pur-
pose of f o r e c a s t i n g.

2 . D i s t i n c t i v e  Fea tures and the Character  of the  I n f l u e n c e  of N a t u r a l
Factor s on the Format ion of T a li ks

1 The Radiation Hea t Ba lance of the Surface and Its Role in T a l i k  Format ion

Type of t a l i k s  -- radia t ion-hea t, subtype -- radiation. Taliks belonging to
the radiation subtype can form on account of change of one or a group of corn-
p onents  of the r a d i a t i o n  ba lance of the sur face .  Such taliks can above all
be connected with increase of the incident solar radiation on slopes with a
southern exposure and a definite steepness , and also during reduction of the
albedo of the surface.

The m a x i m a l  amount of solar radia t ion  impinging on the surface is observed
on slopes wi th  a southern exposure and a steepness corresponding to perpen-
dicular imp ingement of rays on the surface. For each specific region , depend-
on the latitude of the place, that steepness and the relative amount of radi-
at ion can be determined from Tables 12 and 13. In field investigations on
different types of landscapes the actual amount of direct and scattered radi-
ation can be measured . For the winter period the amount of impinging solar
radiation on slopes of different steepness and exposure can be assumed to be
identical. The different amount of absorbed radiation in the sununer leads to
a difference in the temperature regime of the r ocks on slopes in the annual
cycle. In that case, when the absorbed radiation increases so ~uch that the
average annua l temperature of the surface of the soil reaches 0 and goes over
into the region of posit ive values , taliks of a radiation type form. The pos-
sibility of the ex.stence of those taliks in different regions can be deter-
mined by means of the following calcu lating scheme.

Calculation of the Possibility of Existence of a Radiation Talik on Slopes
With a Southern Exposure (Example 32)

It has been established by field actinometr ic observations that on slopes
with a southern exposure in the sununer period about 55% more solar radiat ion
arrives than on a horizonta l surface. The effective radiation on slopes at
that time increases by not more than 5%. The radiation balance of a horizon-
tal surface and the air temperature above it in the course of a year are pre-
sented in Table 46.

On slopes end horizontal sections, deposits of detritus and wood lie on the
surface. The plant cover consists of lichens growing In small patches. On
the slopes the snow reaches a height of 0.2 meter at a density of 0.19 g/cc ,
and on horizonta l sections the snow height increases to 0.3 meter at a den-
sity of 0.22 g/cc. It is necessary to determine the t emperature reg ime on
the surface of the rocks and clarify the possibility of existence of a tal ik
on slopes with a southern exposure.
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Tab le  45 (C~~~t in u ed ) Key

A - T ype B - Subtype C - Pr inc ipa l  causes of the  f o r mat i o n  and existence
of t a l i k s  a - T emperature  zones
I - Radiation-therz&-il a - Radiation 1 - Southern exposure (c lass  of talik

-- anh ydrous , subclass  -- therma l , typ e -- p e r m e a t i n g) ;  2 - Decrease of
a lbedo as a r e s u l t  of sununer f i r e s  (c lass  -- anhydrous , subc lass - therma l ,
t yp e  -- nonpe rm ea t ing  and pe rmea t ing) b - Therma l 1 - L i t t l e  evapora-
t i o i f rom the sur face  in connec t ion  w i t h  good cond i t i ons  of dra inage of
rocks on sections bare of vegetation (class - anhydrous , subc lass -- ther-
mal , t~çpe -- permeating) 2 - Positive temperature shift up to 1 up
to 2-3 (class ,-et c, as for “1”) 3 - Sn ow cover by zones of he ight
0.4-0.7 m 0.7-1.0 m 1.0-2.0 nm (c lass  -- anhydrous, subc lass -- ther-
m a l , type -- permeating and nonpermeating) 4 - Thick firn basins and
glaciers (class, etc, as for “ 3” )  5 - The presence of dense underbrush
and grassy cover , causing looseness of snow, not packed close to the soi l ,
with the f o r m a t i o n  of caviti t s (class, etc , as for  “3”) 6 - Swa mp iness
of sections in the presence’ of a snow cover 0.7-1.0 m high (class, etc , as
for  “1”) c - R a d i a t i o n - i n f i l t r a t i o n  W arming  inf luence of ground wate rs
and i n f i l t r a t i n g  warm atmospher ic  pr eci p itations on sections composed from
the sur f a c e of coar se ly dispersed rocks (class -- i n f i l t r a t i o n, subclass
-- therma l , type -- p er mea t ing  and nonpermeating).

II - Underwater-therma l (hydrogenous) a - Shelf 1 - Wa rming i n f l u e n c e  of
wa rm sea currents  at t of water  in bottom layers above 0 (class --
anh ydrous , g r o un d - f i l t r a t i o n  and i n f i l t r a t i o n, subclass  -- therma l , type
-~~~ permeating) 2 - Water salinity at t of water in bottom layers below
0 (class -- i n f i l t ra t i o n  and pressurize~~- fi lt r a t i on , subclass - cryo-
hydrohalinic , type -- permeat ing ) b - Sub- lake 1. The warming influ-
ence of lakes with a depth greater than that where the average annual tem-
perature is equa l to zero and in which the bottom deposits are composed of
non-f iltering or slightly-filterin g rocks (class -- anhydrous , subclass --
therma l, type -- permeating , if th e di ameter of the lakes exceeds the thick-
ness of the permafrozen rock masses; nonpermeating if the diameter of the
lakes is smaller than the thickness of the frozen rock mass) 2. The warm-
ing influence of lakes exist ing on well filtering rocks when there is
ground-filtration and infiltration feeding (class -- grourtd-filtration
and infiltration and stagnant, subclass -- therma l, type -- ill t emperature
zones I and II , permeating , in the rest, permeating and nonpermeat ing ,
depend ing on depth , the dimensions of the lakes and the length of their
existence) c - Sub-riverbed I. The warming inf luence of current on
nonfiltering and weakly filtering rocks (class -- anhydrous , subclass --
therma l, type -- permeating and nonpermeating , depending on depth and the
regime of the current). 2 . The warming in f luence  of current  on f i l t e r -

• ing rocks (class -- ground-filtration and infiltration , subclass -- ther-
mal , type -- in temperature zones I and II , permeating , in the rest , per-
meating and nonpermeating , dpeendlng on the reg ime of the current.

III - Hydrogeogenic 1. The warming influence of ground waters (class --
ground-filtration , infiltration and pressurized-filtration , subclass --
therma l, type -- permeating in tempera ture zones I and II , permeating and
nonpermeating in zones III , IV and V , depending on the reg ime of the water-
bearing hor izon) ,  2 . The warming inf luence of pressurized subfrosta l
waters (class -- pres su r i zed - f i l t r a t ion, subclass -- thermal, type --
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m oa t ing). 3. I l i e  w ar m i n g  m E  l u e m i c u  of str ,iLi 1 , strata 1— fissure
and  f i : -~~ur o  s u b f r o s t, i I w tors (class — —  i n f i l t r a t i o n  and p r o ’H ;u r i z e d —
inf  i lt r . t ion , subc las s  — —  therma l , ty~ u —— urme t ing )

Ta hI -~h . I)ata of rod L i t  ion bo lance and a i r  t urn er~-1 t k 1 r O : ~ on a h n r i z on t a  1
surf ice

A 
~~~ 

-
~~ 

-
~~ 

. - , -
- H - I II! IV V VI  \~I I

I ç.. . .. - . — ~ •. - I) 3 . -() I 0 2 ~~,i) I , o i - S
I ~~~~ 

2 -~ I I .3 1 , 5 1. 7 7 . 1 -1 . 2
1 . 2 i ) )  — 1 ) 7 : ,2 ~~~I 5 . ~ 7 - 5

—‘ i .  -
~~~ 

2i’ . I 7~ I ?  ,2 .1 , .) 1 1 , 2 I , . ;

1!;’ 1 - 
~( 1 . .’ ~~~ -1’;

A - , - :- -- ., ~~~~~~~ XI I

1 Q: -~ c~~ ~-c s,2 3 , 1 t I  0.2 -

2 I , •~~H~~C l~~ ~‘- C  3, 1 2 , 7. 1 .4 I -

3 1? e’.  c 3, 1 7 -
. I) .5 I - I

~ f c~ 1 1 ,3 -I . M j ) ,2 - - :3 , , - 1 , 1

Key : A - Components 9f radiation balance 1 - , k c a l f ( c m
2

) (mon t h )
2 - I, kcal/(cm )(rnnnth 3 - R , kc~~1t (crn ~(month ) 4 - t . ,  C

Table 47 Data of r a d i a t i o n  ba lance  on s lopes  w i t h  sou thern  exposure
- ~~~~~~~~~~~~~~~~~~~ -

‘- -I I II III IV V v i

Sk i.) ~~~~~~~~ 0 11) 0 , ) . )  I ; )  4 1 ~ 7 ,~ 5~~2 i - ~~a.i ~~ ~~
. 

- :.l) 7 - )  1 , so I 4 . 13 1?. ss. ~ ~~- — I . 20 —0. ’l ) ) , 2 I ,  7 . 1 1 1 .2 

— ___________ _______ 

I f ) ~~~..’~— c in~i6i . 1,
A ~~~~ 

— 

\ 0  VIII  i’( XI \ I I

I 
~~~~~ ~~ ~~~~.-c 2 , 7 0 , 45 (1 , 1 2  I S  0,30 

— - 

O~~ )
I . ~~~~~~~~~~~~~~~~~~ - L I :)  .1 ,1 3 2 .52 2,40 1 ,40 I

3~~, A ’.d~~~~~4 4 4 - ,  ¶ 1 , /1 0 . 17) .1 . 1,1) 0 , : - 1 , 1 1 , ?

Key: A s for Table 46

306



Tab le  48 Data  of the r a d i a t i o n  ba lance  and c a l c u l a t i o n  of the average
annua l temp era ture  of rocks and amp l i t u d e  on the su r f ace  of a
hor i zon ta l area and a slope w i t h  a southern exposure

A ‘~~~~~ 1 1  ii III 

-

I R . t. ’..:.. * - .aC -- 16 ,44 — 12 ,33 - 2 : 4  11 ,44 ~7 . ) ’s 12-3 , 56

2 At R ~ “C 0 ,8 — 0 ,6 — 0, 1 O S  4 .0 6 ,0

3 
~ ‘C; 

U 
- --2 3 ,6 ---17 .0 —6 .2 3,3 3 , 2

4 ‘ k) ‘C 2~~. 0 -—26 , 2 — 17 , 1 —5 ,4 7 ,3 1’1 2
5 ~~~ ~.‘... ? i  ~~~4 1c C 0 .3 0, 6 1. 6 4 ,5 12 ,4 37 .2
6 I . ‘-‘~~~~ ~~~~--c 1 ,5 1,5 1 .8 1 ,7 2.1 4 ,2
7 1? . ~~~~~~~~~~~~~ 1 ,2 — 0. 9 - -- 0,2 2 . 5 10 .4 11 .0
8 k .  ~~~~~~~~~~~ ~: . -i —1 2 ,3 — 2,74 3~ .4 142 .a 2t~,2

‘~ ~~~~~ , - 0 , 8 — 0,6 — 0 , 1 1 ,9 7 , 1 11 ,0
10 t,~~~, “C - -~ - , 9 —26 ,2 - 17 ,1 4.3 10 ,4 24 .2

.3 .1 i.-: - u ’  ,-na6i - 48

A ~~~~~~~~~~~~~~ v~ f ~‘III IX X XI Xii

~ R . .-~a.~ 7A~ c 106,S6 69 .87 36,99 —6,85 —15,07 —15 ,44

2 At R_ ‘C 5,3 3,5 1 ,8 --0 ,3 -—0 .8 —0 ,8
a 

16 .7 13.3 4 ,5 —6 .5 -— 30 ,2 
- 

- - 23 .9
4 1 ‘ 

, ‘C 22,0 16 .8 6.3 —6 ,8 -—20 ,0 -

5 Q~ .~~ .aii/ c.M~.wec 19.7 12 , 7 7 ,9 1, 8 0,3 0 .2

~ 1, o’.:. 3.0 3 , 1 2 ,4 2,3 1 . 4 1. 4

‘ R . s~,: c ..c~u ’c  16 ,7 9,6 -5 ,5 —0,5 — 1 ,1 — 1. 2
8 i~, ~~~~~~~~~~~~~ 228 ,8 13 1. 5 75 .4 —6,8 —15,1 —1 6 ,4

9 AI J~.’C 11 ,4 6 ,6 3 ,8 —0,3 — 0 .8 — 0 ,8

10 1&R) ’ C 28 ,1 19 ,9 8,3 - - 6,8 -—20 ,0 —26,7

Key : A - Components of radiation ba lance I - R , k c a l/ ( m
2 ) ( h r )  2 - tR 

—

— R/~ , C 3 - t ir e °C 4 - t ir(R )~ 
°C 5 - 

~~~~~ 
kcal/(cm2)(month)

6 - I, kcal/(cm ),~month) 7 - R, kcal/(cni )(month) 8 - R , kcal/(m
2)

(hr) 9 - L
~
tR, C 10 - t

ir(R)~ 
C

Solution. 1. We determine the radiat ion balance on rocks with a southern
exposure with consideration of the regularity established for the region
tha t on the slopes from April to September the monthly totals of absorbed
r a d i a t i o n  are larger than the corresponding sums on a horizonta l surface by
55%, and the effect ive radiation by 5% (Table 47).

2. We determine the radiat ion correction for the temperature of the surface
of the deposits on horizontal sections and on slopes with a southern exposure,
assuming that the coefficient of heat transfer (~~

) from the surface in the
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the course of a year varies little and Is 20 k c a l/ ( m
2
)(hr)(degree). The ca l-

cula ted data arc presented in Table 48. Thu s wi th cons ideration of the radi-

ation correction on the horizonta l sections t — -5”, A . = 25.5
0 

and on
slopes w i t h  a southern exposure t = _ 3 ,30 aA~ d A i1r 2 8 5 o

a i r  a i r

3. We f i n d  the  va lue  of the warming i n f l u e n c e  of snow on slop es and hor izon-
tal sections with formula (5.3.10). In accordance with the change of the snow
height and temperature regime of the surface (with consideration of the radi-
ation regime) we obta in:

1) on horizonta l sect ions \t,, 2~~ -~ 
. 0 , 11-1 4 , 2 ,

2 )  on southern slopes \j  - 0,~ 23 ;)J .

4. We determine the temperature reg ime on the surface of the soil on the
slopes and the hor izontal surface with cons ideration of the r a d ia t i o n  correc-
t ion and the warming influence of snow:

- ‘
~~~‘ 0 8 ”1) on a horizonta l surface  0 

- —  
~~ 

- .

.-l~ ~~~~~ 4 . 2 2 1 ,3°,

2) on slopes with a souther n exposure - - 3,3 - : 3 , 5 -:

-
~~ 28 ,5 - 3 ,~ -

~~

Thus on slopes with a southern exposure there are conditions favorable for
the existence of taliks on account of increase of absorbed radiation as com-
pared with hor izontal sections and slopes with other exposures.

The formation of permeating and nonpermeating taliks of the radiation type
in frost-temperature zones I and II often involves an increase of the a lbedo
of the surface, as a reduction of it by 5-10% leads to elevation of the aver-
age annual temperalure of the surface of the soil by 1-2 • The conditions
of the formation of taliks dur ing change of the albedo of the surface can be
determined by means of a ca lculation similar to tha t presented in example 32.

The formation of the given type of talik can also be connected with the char-
acter of the effect ive radiation. Very often nonpermeating taliks and non-
converging frost form on account of that factor. As is known, the effective
radiation is determined by the temperature of the surface and the bottom layer
of air , the atmospheric humidity and the cloudiness. Increase of the moisture
content of the air and cloudiness in the autumu and winter , usually accompanied
by elevat ion of the air temperature, can lead in separate years to a sharp
reduction of the effective radiation of the surface, which involves elevation
of the average annual temperature of the soil and reduction of the depth of
freezing of the rocks. The process occurs especially frequently in regions
where cyclones are observed in winter.

The change of the eft’ect ive radia t ion in d i f f e r en t  types of landscapes can be
connected with different radiative capacity of the surface. Therefore that
characteristic nsast be determined directly in field conditions.
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Calcula tion of the Influence of the Effective Radiation on the Formation
of a Radiation Talik (Example 33)

Determine how the tempera ture  reg ime of the surface  of the soil  va r ies  In
years when in the region frequent cyclones are observed in the autumn-winter
period , which lead to elevation of the air tempera ture and reduction of the
heat loss due to effective radiation . The characteristics of the average
perennia l climatic conditions are presented in Table 49. Thus, at t
— -6.5° with consideration of~~t it is found that t — -5. 0° a lr dR air(R)
Aair~~) 

= 25.4°. In addition , in Table 50 are presented data obta ined in

years with frequent cyclones in the autumn-winter t ime . The he igh t  of the
snow cover on the investigated section in winters with a cyclonic type of
weather varies very insignificantly in comparison with the average perennia l
data as a result of wind transport. If the average annua l he igh t of snow is
30 cm in winters with cyclones, it increases by 5-7 cm (at a d e n s i t y  of the
snow of ‘-‘ 0.25 g/cc).

Table 49 Average annua l data of the radiation ba lance and air temperatures

A
C...ci~ ,,’i. pa.~Han 6a.’ra uea I II III IV \‘ V i

1 R .  ~~-: . I c ~~~.ic 3 , 2 - - 0 , 9 -- -  0 , 2 1 ,2 5 ,9
2 I ,, °C 23 , 1 - - -25 ,6 - 17 ,0 11 , 2 3 ,3 3 .2
~ ~; I s I  — - 26 ,2 — 3 7 , 1 s - i 7,3 1 .2

- .L5 . Fl u. ’ ~T i . - 1 )

A 
COCTa,., pa~~Iou Ooia Hca V i i  VI II IX N Xi ). II

I R , ~aa .I c M 2
~.ac 7 71 5 , 1 2 ,7 — 0 5  1 , 3 - 3 . 2

2 t~ , °c 1 ,7 1.1 .3 4 . 5 - 1 -~ - 1- ’ 1 3
3 s( R) .  017 22 , 0 36 , 5 6 . 1  - ‘ ‘ 1 i -

Key: A - Components of the radiation balance 1 - R , kcal/(cm2)(hr)
2 - t  , C 3 - t , C

-: air air (r)

Solution. 1. We ca lculate the temperature regime of the surface (of the
soil in sumer and the snow in winter ) in years with a cyclonic type of
weather and in~reased cloudiness (Table 51) , according to the data of which
at t — -4.9 with consideration of ~t. it was found that t = -3 ,3air it air(R)
and A - 24.4°.air(R)
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Table 50 Data of the r a d i a t i o n  ba lance  and a i r  t emperatures in years w i t h
fr equent cyc lones
A

C c T . L ~ ; -‘..“. -, c ’ I i i  iii I” V

I 
~~ 

i, ,. 
. . - , ? , . c  0.3 0 , 11 I I  2 ,9 8 .0 3 3 .0

2 1, i. ..a - ‘ ‘‘“c 1 ,2 1 ,3 3 ,5 1 ,7 2.1 4 ,2
3 p , i,’. ~~~~~~~~~~~~ c - -  0. 1 0 , 7 0 ,1 I .2 5 .9 ~ .84 t ,, “C 211.2 —21 ,4 — 35 ,0 -— 4 ,2 3 ,3 3 . 1 . 2

11; - .~~ - i’ it: - - 50

A
I ~~~~ 

- - , \ l I VIII IX X \ i Xii

1 
~~ 

F J . , J . i ( , . (  10.8 8 , 2 5,1 1 , 8 0 ,3 0,2
2 /~ ~~~~~~~~~~~~~~ c 3 .0 3 , 3 2 .2 1 .8 3 ,2 1 .1
3 R. F,A,:.2 ‘ ‘ ‘ , c  771  5 . 1 2 ,9 0 - 0 ,9 —0.9
4 1~ , ‘C l t , 7 33 .3 4 ,5 —2 .5 -— 3 7 ,5 —22 ,9

Key : A - C omponents ~f the r a d i a t i o n  balance 1 - 

~~~~~ 
kcal/(cm

2
)(month)

2 - I , kcal/ (cm ) (month ) 3 - R , kcal/ (cm 2 ) (month ) 4 - t
ic , 

°C

Table 51

A ne 
I II I i i  IV V Vi

I R. a4/c.w~,e~c - 0 , 9 - 0,7 0 , 3 3 ,2 5.9

2 R, ~~aA/ M ~~aC - 32 , 4 -—- 9 , 11 - -  I ,~ 111,1 80 , 8 120.6

MR = —
~
- , ‘C — 0.6 — 0 ,5 — 0 .1 0.8 4 ,0 6 ,0

3 1,, “C - - 26 ,2 —21,4 - - 34 ,0 —4 ,2 3.3 13.2

4 f ,,~~1, ‘C -—26,8 —21 ,9 —15,1 3 ,4 7,3 19 ,2

flpoàoA ~~eHue 171 16.1 . 5!

A 
VII VIII IX X Xi Xii

I R. KX ’L4I C/42Nt ’C 7 , 8 5, 1 2 ,9 0 — 0.9 — 0 , 9
2 R ,  ,ucaAIM’qaC 306 ,9 69 ,9 39,7 0 —12,3 —12,3

MR ~~~~~~. ‘C 5 ,3 3 5 2 ,0 0 — 0,6 — 0,6
3 1., ‘C 36 .7 13 ,3 4 ,5 —2 ,5 17 ,5 —22 ,9

4 ta(R)’ ‘C 22,0 36 ,8 6,5 —-2,5 —-1 8 ,1 -—23 ,5

Key: A - Climatic c~aracteristics 1 - R, kca l/ (cm2
)(month )

2 - R , kca l/(m )(hr ) 3 - ~~~~ °C 6 - t
ir~~)~~ 

C
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2. The height  of the snow on the sect ion is 0.4 in. Wi th  formula (5.3.10)
we find At and to 

for the conditions of the cyclonic type of weather :

\ t~,, 2 1 ,4 .0 , 375 -; , :~~
‘ ,

/, .
~~3,3 - 4,3 1 ,0°.

3. In years with a number of cyclones in the winter t ime close to the average
annua l value the temperature conditions on the surface of the soil with con-
sideration of the radiation correction and the warming influence of snow in
accord,ince with the data of Table 49 obta ined are as follows:

\!~~ 23,-I . 0, 153 - 39°

t0 -—5 ,0 - . 3 9  - —

Thus in years with frequent winter cyclones and increa sed cloudiness in the
autumn-winter period the temperature of the surface of the soil can increase
by 2.1° (from -1.1 to +1.0°) on account of reduction of the effective radi-
ation . Under the conditions of the investigated region that change will lead
to separation of the seasonally frozen layer from the permafrozen rock mass.

/The radiation-thermal type of tal ks, the thermal subtype/. Regularities in
the formation of taliks relating to the therma l subtype should be re-
garded as a result of the complex interaction of a number of factors, each of
which in itself determines the conditions of formation of the temperature
regime of rocks, their seasonal freezing and thawing and the annua l therma l
cycles. The formation of taliks of the given subtype is connected with pro-
cesses and phenomena which lead to change of the thermal balance of the sur-
face. In this respect one should above all point out the change of the amount
of evaporation from the surface of the ground and the formation of a positive
temperature shift as a function of different geologica l and geograph ica l con-
ditions .

2. The Role  of Evaporat ion and the Posit ive Temperature Sh i f t  in the
Formation of Taliks of the Thermal Subtype

A substant ia l influence Is exerted on the amount of evaporatiou by the plant
cover, the conditions of runoff and dra inage of the surface, the composit ion
and moisture content of the rocks, and also the climatic conditions. Change
of the amount of evaporation can lead to change of the average annual tem-
perature of the rocks within the range of severa l degrees and, consequently,
evaporation is a very strongly influencing factor in the formation of the
temperatures of rocks. Of great importance in that case are the composition
of the rocks and their moisture content, which affect the formation of the
t emperature regime through the annua l therma l cycles which pass through in
them , through the thermophys ica l properties of the rocks in the thawed and
frozen states, and also through the phase transit ions of water during freezing
and thawing*. The quantitative aspect of that influence is determined through

*flie influence of infiltration of atmospheric prec ipitations and subsurface
waters on the temperature regime of rocks Is omitted here and is examined
in point 6 of the present section and section 8 of Chapter 5.
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the temperature shift. The formation of taliks is connected with a positive
shift of the average annua l temperatures. This is noted for soils which it1
the frozen state have a therma l conductivity smaller than in the thawed. The
amount  of tha t s h i f t  u s u a l l y  is kept within the range of up to I , more rarely
20. Therefore the formation of taliks , connected with a positive temperature
s h i f t , is coacentra ted in frost-tempera ture zone I and more rarely zone II.
In view of the fact that the amount of the temperature shift depends substan-
tially on the composition and moisture co itent of the soils , the average an-
flU,I l tern1 erature on the surface of the soil and the c o n t i n e n t a l  character  of
the climate , taliks whose formation is caused by a shift have a selective and
limited distribution. They are confined m a i n l y  t sect ions of the prop agat ion
of soils with a lower moisture content mainly under the conditions of a sharp ly
continenta l climate.

3. The Role of the Snow Cover in the Format ion of Taliks of the Therma l Subtyp e

A very powerful factor leading to the formation of therma l taliks is the snow
cover. The snow cover is one of the most strongly influencing factors increas-
ing the average annua l  temperatur e of rocks. The amount of influence of snow
depends on its height and density, the t ime of establishment and disapp earance ,
the climatic conditions , the character of the plant cover and also the compo-
sition and moisture content ot the soils. Of great importance in that is the
character and depth of the seasona l freezing and thawing , and also the annual
thermal cycles in the soils. Taliks form , as a rule , in all cases where the
warming effect of the snow cover exceeds the va lue of the average annual air
temperature in the region under consideration. Thus , within temperature zone
I taliks can form at a height of the snow cover of 0.4-0.7 meter , at a height
of 0.7-1.2 meter in II , at 1.0-1.5 in in III and at more than 1.5-2.0 meters
in IV (under the conditions of their thawing).

In a detailed considera tion of this question it is necessary to take into
consideration r’~gularities in the formation of the snow cover In the course
of the wint er as a function of the presence of thawings , compaction and shift-
ing of snow by the stormy wind. To estimate the inf luence of snow on the for-
mation of tallks it is advisable to determine the warming effect of the snow ,
the total for the entire winter , while ca lculating the number of degrees by
which the average annual temperature of the rocks Is increased.

At a small height of the snow cover (front 2 to 5-10 cm) in the southern re-
gions (south of latitude 50°) it is necessary ~o take into account the in-
fluence of the snow on change of the a lbedo of the surface and components of
the radiation balance. Frequently in that case for separate regions (the
Northern Caucasus), on account of increase of the albedo in a thin snow cover
(2-3 cm) its sunmary effect leads to a reduction of the average annua l tern-
peráture of the soils of up to 1 as compared with sect ions free of snow.

At larger thicknesses C> 1.5-2.0 meters) in northern regions the disappearance
of snow is delayed and the susiner warming of the soils is postponed. This
leads to some cooling of the soils and reduction of their average annua l tem-
perature. The amount of cooling can vary substantially as a function of the
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length of dela y of the disappearance of snow. The suniner ternj eratures of
the soils cannot exceed 00 maximally , when the snow rema t ns lying the entire
sumner until the new snow falls.

At ord inary thicknesses of the snow (from 0.1-0.2 to 1.0 meter) the main in-
fluence on the temperature of the underlying rocks Is connected with its ef-
fect as a heat insulator with a definite thermal resistance. Calculations
taking into cons ideration the warming influence of snow give an Idea of the
poss ibility of the formation of taliks.

Calculation of the Critica l Height of Snow at Wh ich Taliks of the  Therma l
Subtype Can Form and Exist (Example 34)

Determine the possibility of existence of ta liks on account of the warming
influence of the snow cover in a region where the average annua l air tempera-
ture is -8.3 and the amplitude of the annua l temperature fluctuations is 44°.
The ground conditions are characterized by the distribution of sands in a
layer with annua l f1~ctuations of temperature. The properties of the sands
are: 

~sk 
1300 kg/rn ; w — 157.; Cspec 0.19 kcal/(kg)(degree); Af 

— 1.5 kcal/

(m)(hr )(degree). The height of the snow cover under natural conditions varies
as a function of the nticrorelief and vegetation from 0.5 to 0.7 meter , the
density of the snow is 0.22 and 0.3 g/cc respectively., and t 3240 hours
(the time from the moment of establishment of the snow to the moment of the
autumoal. inversion of the sign of the heat cycle through the surface).

The solution of the problem is reduced to finding the crit ica l height of the
snow at which the average annua l temperature of the surface of the soil under
the condition s of the investigated regi~ n Increases by more than 8

0. Having
determined that height it is possible to say whetber the formation and existence
of taliks on account of the warming influence of the snow are possible. To
do that we fin”I the warming inf luence of snow with a height of 0.5 and 0.7
meter, using eq4ation (5.3.5). The procedure of the ca lculations Is presented
in example 10. On the basis of the results of the calculations we construct
a diagram of the variation of the warming influence of snow as a function of
it~ height. The starting data for the calculations were: C — 440 kcal/
(m~ )(degree); Q~ 

— 15,600 kcal/ (m 3
~ A f 

— 1.5 kcal/(m)(hr)(de~~~~5.
1. We find the varmin~ influence of snow with a height of 0.5 meter, a den-
sity of 0.22 g/cc and A 0.25 kcal/(m)(hr)(degree). For the construction
of a diagram to solve transcendental equation (5.3.5) we are given the fol-
lowing va lues of t~t ~: 3, 5 and 80. In accordance with those values we obta in
all the calculation5 da ta (Table 52). When we have constructed the diagram
with the obta ined data (Figure 97) we find that the warming inf luence of the
snow with a height of 0.5 meter is 6.7 .

2. We find the warming influence of snow with a height of 0.7 meter at ~ —

— 0.3 g/cc and )~ 
— 0.3 kcal/(m)(hr)(degree). We are given the follov irtr

values of lit : ~~8 and 10
0. In accordance with those values we obta in new

ca lculation 51’da ta (Table 53). When we have constructed the diagram
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(Figure 98) we find tha t the warming influence of snow with a height of 0.7
m reaches 9.3 under the conditions of the region.

Table 52 Calculating data for finding on a diagram the va lue of the warming
influence of snow At with a height of 0.5 m
- - 

sn 

:~( I ( ‘I t 1

3 . fl -~~~~~ 3 ) 0 !  II . ) .~~~~~~~ 2 . 3  ~~7~- ) ~~~~~~~ 2’ .0~ ~ 1’; ,2 ti ~~:u
~~) 33  I T O  ‘U) I 2 -;- ~~ ii ‘ -  .3 ., 33 .)
s _ u t - i .u I 4 .7 ‘ .~~ 22 1 ~‘L - 

-
>

Table 53 Calculating data for finding on a diagram the va lue of the warming
influence of snow At with a height of 0.7 m

-

8 - 0,3 34 6,5 1, 4 2,7 ~1~713 22,0 9,5 2’~~OD
. 10 1 ,7 12 € ,9 3 ,3 2 . 3  3Q 1~ 8 22, 0 6 .9 3~~G~0

Key (for both tables): A - A t  °C B - A , °C C - .~~ , m D
2 ~n, m 2c

~gr’ 
kcal/m E - t~~ , C F - to e , °C C - 

~sn’ 
kcal/m

‘~

Figure 97, Di:gram for finding

a - / ~t , C b - Q , kcal/msn
20000 30000 40000 50000

0, ~~Of’/M2

~75000 30000 4
~000 0 0,5 0,~5 /00

Z N

Figure 98. Diagram for findin~ Figure 99. Diagram of change
the warming influence of the of the warming inf luence of the
snow (At ), snow (a~t ) .
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3. We construct a diagram of the change of the warming inf luence of snow
At on its height (Figure 99) and f ind that at a height of the snow of 0.65
m ~f~e temperature on the surface of the ground is equa l to zero, since ~tt
in tha t case is equa l to 8.6 . Consequently, under the conditions of theSfl

region taliks can form and exist on sections where the height of the snow is
equa l to or exceeds 0.65 meter.

On sections with a small hununock microrelief or covered with a grassy or
underbrush cover a loose snow cover forms which adheres loosely (with the
f o r m a t i o n  of c a v i t i e s )  to the soil. The specific conditions of the bedding
of the snow and the presence of cavities have the result that its warming
effect, even with a small height , reaches such large values tha t under  i ts
influence taliks form in t emperature  zones II and III , where the average an-
nua l temperature reaches -3 to -5

The formation of cavities under the snow has a great effect on the process
of heat exchange on the surface of soil under snow. Heat fluxes from the
soil and underlying rocks (negative heat cycles) arriving per unit of surface
are carried off into the atmosphere only through that part of it on which the
snow adheres closely to the soil , since molecular heat transfer is negligibly
small through air layers. In that case, on sections with closely adherent
snow the specific heat cycles passing through per unit of surface increase
sharply, and that leads to increase of the warming effect of the snow.

The intensity of heat fluxes with and without consIderation of cavities wIll
be similar to the flow of filtering liqu id through the ground (porous media)
related to the effectIve and actua l coefficients of filtration, By virtue
of that fact the problem of heat transfer through snow with consideration of
cavit ies can be considered a linear problem by reducing the intensity of the
heat fluxes toward sections- with a snow cover closely adherent to the surface
of the soil,

To calcul’tte the warming influence of the snow cover on the temperature of
the surface èn the presence of air layers under it, it is necessary to study
in the field the conditions of bedding of the snow in order to obta in a co-
efficient expressing the percentage of cavities per unit of surface. In ac-
cordance with that coefficient the intensity of heat exchange through the
surface of the soil which enters the calculating formula should be Increased.

A genera l regularity of the phenomenon under consideration cons ists in the
fact that the warming influence of the cavities forming under snow is directly
proportional to the heat cycles passing from the soil through the snow and the
latter in turn are proportiona l to ~he area (as %) with a closely ~dherent
snow cover per unit of surface (1 a ). Thus, if on an area of 1 a the low
places bet~teen hummocks or mounds where the snow adheres closely to the sur-
face of the soil occupies 20%, the warming effect of the snow (At ) must
also be approximately 20% greater than in sect ions where other co~~ itions
being equal the snow adheres closely to the ground on the entire area. In
regions where the warming influence of the snow cover is great (in the region
of Igarka L~t ~ 7°) an increase of At by 20% will give -1.4°, and In La-

baykal’ye, where At~~ ~ 2° it will be increased by a to~~l of 0.4°.
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Thus the absolute value of the increase of the warming influence of snow as
a function of the area of the forming cavities under the snow will be dif-
ferent in different regions as a function of concrete geologica l and geo-
graphica l conditions , in sp ite of the fact tha t their relative value (as 7~)
can rema in constant. For more precise determination of this effect it is
necessary to take Into account also the fact that w it h  increase on account
of cavities of the w a r m i n g  e f f e c t  of the  snow the  average  annua l t emperature
of the gr ound chang es and , consequently, the a:- ’iual heat cycles. The change
of the latter will be different in the region of seasona l freezing and in t’~o
reg ion of permafrozen rocks. In the region of seasona l freez ing , during ele-
vation of the average annual temperatures of the ground the annual heat cycles
decrease, and in accordance with that the warming effect of the snow also de-
creases.

In the region of seasona l thawing the reverse dependence Is observed: with
increase of the average annua l temperature the annua l heat cycles and the
warming effect of the snow increase. As Is known , the amount of change of
hea t cycles as a function of the change of the annua l average temperatures
of the ground can be ca lcu lated (see section 1, Chapter 4). The amount of
that change will be different for different average annua l temperatures and
is subject to latitudina l geographic zonation. Near the southern boundary,
In the region of seasona l freez ing , that change will be maxima l (during change
of t

~~
from 0 to +10) and further south it will steadily diminIsh.

It follows from what has been sa id that the warming influence of cavities
under the snow consists of two components. The first is connected with the
fact that the presence of cavities leads to increase of the warming influence
of the snow on account of reduction of the area through which the hea t cycles
pass , and the second with change in the number of heat cycles on account of
change of the average annua l temperatures of the ground. In the region of
seasona l freezing the influence of those two components is different , and so
the general effect of cavities under the snow will be somewhat smaller. In
the region of permafrozen rocks the warming influence of the cavities under
the snow increa ses sharply in comparison with the same effect (all other con-
ditions being equal) in the region of seasona l freezing of the soils.

,
The maximal va lue  of the warming inf luence of cavities under the snow must be
noted near the southern boundary of the reg ion in which permafrozen rocks are
widespread. To the north and especially to the south of that  boundary  the
therma l effect will diminish, Manifes ted  in that is the latitudina l zonation
of the phenomenon under consideration. The same should also be noted as a
function of the continenta l climate , Under the condition s of a sharply con-
tinental climate (Ventra l Yakutiya and Eastern Siberia) the therma l effect
of cavities will attain maximal values, and under the conditions of a mari-
time climate will decrease to a minimum, The warming effect of snow contain-
ing cavities must also change in accordance with the height zonation, The
maximal changes will be observed in that case in the region of the southern
boundary of permafrozen rocks (distinguished by latitudina l zonation). The
dependence of the warming influence of the snow on the annua l heat cycles in
the soil has the result that on swampy sections the therma l inf luence of cavI-
ties is considerably greater than on dra ined sections, It should also be
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pointed out tha t of very great  importance in the  q u e s t i o n  under cons iderat ion
Is the  i n f l uen c e  of the p lan t  cover , as d i s t i n c t i v e  f e a t u r e s  and the charac te r
of the l a t ter  d e t e r m i n e  the  condit  ions of f o r m a t i o n  of c a v i t i e s  under the  snow
and t h e i r  warming  e f f e c t  on the so i l ,

ConTparison of the Warming Li:ftuence of Snow on Sections With Its Close and
Loose Adherence (Examp le 35)

Ca lculate how the warming influence of the snow cover with a height of 0.2 m
and a density of 0.29 g/cc ( A ~ 0.2 kcal/(m)(hr)(degree) varies , other con-
ditions of its adherence to th~~ surface of the soil being equal. It Is known
tha t ~in sections with a sparse grassy cover the snow adheres closely and un i-
formly to the soil on tha t surface , and on sect i~ ns wi t~ a dense underbrush
under the snow , cavi ties form which occupy 0.3 m per m of surface. The
average annua l air temperature is _ lO ,50 and the annua l amplitude of a i r  tem-
peratures is 44 • The so i ls  in the  layer of annua l temperature fluctuations
are composed of sandy b arns w i t h  t h i n , sparse la yers of sa9, char acterized
by the f o l l o w i n g  thermophys ica l data : C 

1 ~ 
= 550

3
kca 1/(in )(degree ) , ,X .~1.0 k c a l f ( m ) (hr ) (degree ) and Q

0 
— l8,6~8 

- 
kcal/m

The t ime from the moment of stable trans ition of the temperature through 0
0

(coj:~cides with the moment of establishment of snow) to the moment of autumn
inversion of sign of the heat cycle through the surface of the snow C is 4600
hours.

Solution. 1. We determine the warming effect of the snow cover with a height
of 0.2 in on sections with snow closely adherent to the surface of the soil ,
We use for  that  the procedure presented in example 10. The r e s u l t s  of the
calcula tions are presented In Table 54. Having constructed a diagram (Figure
100), we find that E~t — 2.8°.sn

Table 54 Calculating data for determination of /~t on sect ions wi th
closely adh ering snow sn

A 1)

‘.1 - ‘C I . ‘1’ A~ . “C A , . ~~
‘ 

~~~~. N ~ . 
~ ~~~0 ‘ P  ~~KLI1/ W ’ ~~U I

2 ~.5 20 1~ 0, 51 3 .25 2$2?O 39000
4 6 , 5 I-s II .? 0 ,’i 1, -I 3O -l.6 4-1 364

Key: A - 4t , °C B - A
~
, C C - 

~2c ’ 
m D - 

~gr
’ kcal/m

2

E - Q , kcal/m2
Sn

2. When the snow does not adhere closely its warming influence increases
in proportion to the area occupied by the cavities. To ca lcu late ~~ n 

for
that purpose it is necessary to increase Q by 30%. In that case t~ e data
for construction of the diagram will be th~~e In Table 55. It is evident
from the diagram that in that case the warming influence of the snow cover
is 3.6 , that is, when the adherence was not close it increased by 0.8
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Table 55 C a l c u l a t i n g  data for  d e t e r m i n a t i o n  of ~~~t n 
on sect ions with

not close adherence of the snow S

A B
‘A ,,,. - 1trp ~~~ ~‘ ~~‘ - t k u t  M -

36 I~~ I ’ )
4 36 1 39 - 3 1 ) 3

o 2 2Key:  A - Lit , C B - ~ r ’ k c a l/ m  C - Q ,  kcal/m

a

- 

- - - 4~~~, Fi gure 100. Diagram for finding

2F 
— 

the warming Influence of snow
2
(,2~t ) .

L a - i~~t , C b - Q, kcal/m
J~~~ t~~ 45,’~J

.
~.. Influence of Firn Basins and Glaciers on the Formation of T a l ik s  of

the  Therma l Subtype

The i n f l u ence of thick  f i r n  basin s and glaciers on the temperature field of
underly ing rocks is a process still not much studied. The temperatures in
the base of a glacier are determined by the average annua l temperatures n
the ice mass, their amplitudes on its surface , the va lue of the temperature
grad ien t  in the body of the g lac ie r  and i ts  t h i c k n e s s .

The average annu~~l temperature is determined by the r a d i a t i o n  therma l balance
of the surface of the g lac ier  and the  character  of i ts  feeding.  Thu s the
average annua l temperature of a glacier with ice feeding is approximately
equa l to the average annua l a i r  tempera ture, and on sections with firn feeding
is cons iderably higher. In the first case the average annua l temperature of
the ice of glaciers of Franz Jozef Land was -10 and _ l l 0

, and under the f irn
caps increased to -3 • The lowest annua l average temperatures of glacier s
of as low as -30 and -50 are noted in Greenland and Antarctica .

The amount and character of change of the geotherma l gradient depends on the
values of the therma l conduct ivity of the Ice, the history of development of
the glacier and its dynamics , and the heat fluxes from the depths of the Earth.
In Antarctica , according to the data of temperature measurements in a drill-
hole near the Vostok station the temperature gradient in the half-kilometer
ice mass increased with depth from 0.6 to 0.82 /100 m, In the simplest case
(a stationary glacier with steady temperature regime) the temperature gradient
in the ice is g

1 
q/A1, where q is the heat flux from the d~pths of the Earth,

characteristic of the given geologica l structure, in kcal/(m )(hr); )i
j  

is the
thermal conductivity of the ice, assumed to be constant and equa l to 1.56
kcal/(m)(hr)(degree).

-- 
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The mot ion of a g lac  i r cnntr  ibu t es t -  an  eleva t ion of t em~ erot ureo at its
b ase  as  a r e s u l t  ot f r i c t i o n  aga i nst  the  s u r f a c e  of th rocks ~~~~ 0°, which
makes 1- a s s i bb e  tho existence of thawed tocks under  them.

The th i c kn e s s  of g lac  icr covers reaches ~300 meter . (Antarctica), 34hu1 meter s
(h re~~sland ) , on i s l a n d s  of th A r c t i c  Oce, n it suo I ly  does n t  exceed 500—
700 meter s , on a c o n t i n e n t  they  reach 1000 meters  ( the  P am i r s ) , bu t  u s u a l l y
they  a r c  measured in t ens  and the first hundreds of me t e r s ,  E a r l i e r  it wo s
cons idered  t h a t  p ermaf rozcn  rocks could  not  ex ist  und er  t h i c k  g l a c i e r s .  Ac-
c o r d i n g  t o  recent  data , er n u f ro z e n  rocks h a ve  been d i ’ -;c ’-v e r o d  under  t h e
Green l and  g l a c i e r  cap. ili e tem~ er ot u r e  a t  the base of the  g l d c l e r  I t  a de~ th
cit 1400 meters roved to be -13 . T h e  presence of p e rmaf rozen  rocks  has  a iso
been noted in the  cdges of s m a l l  g l a c i e r s  of N o r t h  A m er i c , .

The t empera tu re  a t  the base of a g l a c i e r , up on the  assumption - f a st ~~~dy
or a lmost s teady t emp erature  reg ime , can be c a l c u l a t e d  i; f i rs t  a~ 1,r r i x i ma t  ion
with the formula

q
‘ 0’ ,  - 

-
I.-,

where t~~~ is the temperature at the base of the g l a c i e r , t . is the  average

annua l temp era ture  of the ice , and 7 is the th ickness of the  g l a c i e r , lo meters .

5. The Inf luence of the Flooding and Swamp iness of Sec t ions  on the  F- rm,tion
of T a l i k s  of the  Therma l Subtype

I t  has long been e s tab l i s h e d  t ha t  on the n o r t h e r n  ~-~ rt of th Western Siberian
lowland , on swaim-y sections , as a rule , the average annua l t ejm-er,Itures of
rocks are higher t han  on dry sections. It also is widely known that In t~~e
reg ion of Zaba y k a l ’ ye and the Far East , on swampy sect i to. , the averag an-
nua l temperatures are considerably lower than on drained sections. Near the
- .“ut’iern boundary of the p e r m a f ro s t  region , w i t h i n  the  l i m i t s  of t he  f i r s t
f ro ,—, t - t e m1 era ture  zone , in the Wester n Siberian lowland , talik - a r c  concen-
t r a t e d  in swampy sections , and w i t h i n  t he  l i m i t - , of Zaba y k a l ’ y t ’  and the  Far
Eas t  on swampy sections  p ermafrozen rocks u s u a l l y  are noted,

‘i c c a l c u l a t e  the therma l I n f l u e n c e  of swa mp ines s in ind iv idua l cases where
On swampy sections a layer of water with an open m i r r o r  with a tcita 1 area
of more than half the surface is permanently present , f o r m u l a  (5 .5.2 )  can
be used , which  was proposed for  ca l c u l a t i o n  of the therma l in f l ’i ence  of smal l
drainless bodies of water (section 5, C h a 1- t er  5), In tha t case It is  neces-
sary  to take in to  cons idera t ion  the d i f f e r e n c e  between the leln 1 cra tu re  of the
water surface and the air , since the albedo on swampy sections is smal l  in
the suniner t ime and the water cover is warmed more t han  the  a i r ,

In the absence of a constant layer of water or in the presence of it in narrow
interbiock spaces the influence of swa mp iness on the  temp era ture  -f rocks is
cx~ ressed above a l l  through change of the va lue  of the warming i n f l u e n c e  of
the  snow cover and change of the temperature shift into the layer if seasona l
f r e e z i n g  ( t h a w i n g ) .  Since swampiness usually leads to Increase of the  annua l
heat cycles of the soil and increase of the d i f f e r e n c e  of the va lues
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f to c o e f f i c i e n t  if t l i t r m a  1 conduc t  i v i t y  of rocks in the frozen and thawed
st a t  CS , t h e  wa r m i n g  e ft  ect of t h e  snow and the amount f the temperature shift
on .wa m~ y sect  ions are larger than on dr , i  m e d  sect i i i , ,.

As ca I c u l a t  i n s  have shown , swami m ess can under  d i f f e r e n t  c on d it  i i s  be either
a cool in ~ or a w a r m i n g  f a c to r .  In  cases where  on swa mpy i-ct  i n s  in the  layer
- -f se.is n. ’l t h aw i n g  ( f r e z i n g ) of rocks a large tern1 erature 5hif t forms , severe
fr ‘-~t conditions usua l lv  a r e  connected  w i t h  swamp m ess • Thus , f o r  example ,
in the l’ar  ‘ as t  the h e i g h t  of t he  snow cover is s m a l l  (0.1-0.2 m) and the con-
t i n e n t a l c har a c t e r  of t h e  climate is grea t (the am~ I itude of annua l air temi era-
t u r e  f l u c t u a t i o n s  is in ’re than  40°). Under  those c o n d i t i o n s  the  wa rming  ef-
f e ct  - 1  snow on swamj v s e c t i o n s  does not  exceed 1-2 and is somewha t smaller
on dr ,  m e d  sect ions ,  The amp l i t u d e  of t emp era tu re f l u c t u a t i o n s  on the  s u r f a c e
‘f the s i l  is reduced ve ry  ins i g n i f i c a n t l y  and t h e r e fo r e  the amount  f tU

, innua 1 hea t cycles in the’ soil rcnii ins  large , ~b ich involves the  f o rm a t  ion of
a t m )  e r at u r e  s h i f t  wh ich a t t a  ins value s  of 2 -3  • On dra m e d  sect ions the
temi era ture shift rarely --~ ceeds 1°. As a result~ on swampy sect loss th e
average annua l t empera tu re  of the rocks is 1 or 2 lower than o 1  dry  se-ct i’ (IS,

In the western Siberian lowland the thickness of the snow reaches 0,8-1 m,
On swampy 5ections t h e  hea t cycles are large and the warming in f l u e n c e  f the
snow reaches 7-10°. On dry sect i ’ns , in connection with dec r . a s e -  of thi h ear
cyc les , the snow cover warms the su r face  by not more than 5-6 . 0T h u  term-er .-
ture  s h i f t  ‘n swamp y sections does not go beyond the l i m i t s  f 1 , since un der
s ” w  th~ .nr ~ 1 itude ot’ t he  t empera tu re  f l u c t u a t ions is sha r1, ly  reduced . As a
r e s u l t , on those  sect ions the average annua l temi er . ture  of the r icks is al-

c o n s i d e r a b l y  (by 2-3°) h igher  tha n on dry  sec t ions , w h i c h  CaUses the

f o rm a t i o n  of t a l i k s  f rom the sur face  a t  a d i f f e r e n t  de 1-th , di- 1 en d i ng on t h~
l eer b ound ary  c o n d i t i o n s.  Thus the c a l cu l a t i o n s  ex~ lain why, when t e i - .

a thick snow cover (0. 7—1 meter ) s~ ampin ess  leads an increase ’ n i  t h ~ a verage
annua l temperatu~’es, whereas when there is a s m a l l  snow cover , on 1 .  contrary,
i t  loads to tri€ir sharp reduction . The composition and mo isture c- : t s t  f
the ’ rocks is ve~ y essential In t h i s  q u es t i o n . A maxima l difference -f
therma l conduct  i v it y  of thawed and f r ’zc’s rocks is ((( t ed f o r  s an d s  and  sandy
looms when they are completely saturated with w a t e r .  By virtue f t h i s  the
max ima l e f f e c t  of the  phenomenon under cons iderat  ion ls  noted recis& ly for
thos e so i l s ,

It is interesting to  note t h a t  a maxima l Influence of swa mi m es s is m a n i f e s t e d
in the  c o n d i t i o n s  of a sharp ly cont inen ta l c l i m a t e  ( S i b e r ia  ar id the Far E a s t ) .
U n d er  the  c o n d i t i o n s  of a m a r i t i m e  c l ima te  that  i n f l u e n c e  Is almost unnotice-
, ble and is connected w i t h  the fac t  tha t the annu a l heat cyc les  of the s o i l
are s m a l l  there , The dependence of the thcrni l influence- of sw amp iness on
the .~niiu .il heat  cycles determines  i ts  geograph ica l Zonatlon and h e ig ht  zona-
t i n , A m a x i m a l  m a n i f e s t a t i o n  of the influence of swampine ss on the tern-
1,era ture regime ~f the  s o i l s  and the f o r m a t i o n  of t a l lk s  Is noted where the
therma l cycles a r e  maxima l , that is, near the southern boundary of the region
of permafrozon rocks . To the  south and north  the  the rma l cyc les  decrease and
In accordance wi th  tha t  t h e r e  Is a decrease in the influence of swon’rpiness
ari d also of the  f o r m a t i o n  of t a l i k s  of the therma l subtype, In the  Far Nor th ,
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where the fr -t condit ions are extrer~s-1y severe , r ( d t h e  a v e rag e  a n n ua l  t e rn—
i’r a t u r i ’s  of t h e  r ’cks r e a c h  values of - 7  to  _ 12 0 , on dr’, and -;warr~ y sect  i n s

no g r i  at difference in t h~ term er at u r e  r e g i m e  is observed.  A s i m i l a r  i c t u re
is a Iso observi d for the  h e i g h t  zona t 101 ’ ,

C a l c u l  t ion if t h e  W a r m i n g  I n f l u e n c e  of Swami m ess Lead ing  to  the  F o r m a t i on
if T a l i k s  of the  T h e r m a l  Subtyi e (Examp le  36)

C a l c u l a t e  wha t i n f l u e n c e  is i-x~ r t e d  by swa mi m ess on the  t emp era tu re  of rocks
under  t h e  c o n d i t i o n s  of a moderate  m a r i t i m e  c l i mat e  and a shar 1 ly c o n t i n e n t a l
c l i mat e , One of the sec t ions  is located in a r e g i o n  where- t = -7 .0 and

o . a i rA . = 22 and the  other in a regi n where t = -6 .8 and A = 23a i r  a i r  a i r
In  b ot h  cases the snow reaches a he igh t  of 0.5 rn and  has a d e n s i t y  of 0.28
g/cc , A = 0. 23 k c a l / ( m ) ( h r ) ( d e g r e e) .  The t ime f r o m  the moment of e5t -b-

l ishmen~~~of snow to the  moment of the  autumn invers ion  of s ign of t h e  h e at.
cycle through the surface t under the conditions of a shari ly  c o n t i n e n ta l
climate on swampy sections is 4000 hour s , on d ra ined  s ec t ions  Is 430 — hours ,
and under conditions of a moderate maritime climate , on the same sections ,
is ~30O hours .

The soils on swampy sect ions in both regions were composed of b arns w i t h
3

sma l l
1ea t inc lus ions. The i r  propert ies are cha rac t e r i zed  by :  ~~

‘ 

k 
= 630 kg/ rn

65% ; wun 
= l5:~; C,,01~~ 770 kcal/(m 3)(degree); Q~~ ~ 40 ,000 k c a l / m

>~~ 0.6, X
f 1, 1 k c a l/ ( m ) ( h r ) ( d e g r e e ).  On d ra ined  sec t ions  in t he  r e g i on s

under consideration are b arns with C~ 01~~ 
550 kcal/(xn

3
)(degree); I~~~~ 15 ,000

kca l/m
3
; >%~ 1.2 , A~ 

= 1.0 k c a l/ ( m ) ( h r ) ( d e g r ee ) .

It also has been established as a result of frost investigations that on
swampy sect ions in a reg ion w i t h  a shari ly continental climate the r a d i a t i o n
corrections for the tempera ture’ regime of the sur face  are :  zlt,~ 0. 70 

and
1.5; ir~ a reg ion with a moderately m a r i t i m e  c l i m a t e  they are much sma l l e r

and are : 
~
t
R 0.3 and 

~
A
R 

0,8°. On d ra in ed sect ions those cor rec t ions  are
— 0.3° and 1

0 
in the first case and L\tR 0.2° and 

~
A
R 

0.5°in the
second,

The plant cover exerts on all sections a warming effect on the rock tempera-
ture. Under the con~~itions of a sharplX continental climate on swampy sec-
t ions: ~ t 0,3 arid~~A — 2 .5 ; on drained sections: ~1t 0.2°

p lan t 
~ 

p lant p lant
and L~A — I • Under  the c o n d i t io n s  of a moderately maritime climate onp lant  o oswaIflpT sec~~ions: £it

p laf l t  
= 0.3 and 4A

P lant  1.8 ; on dra ined sec t ion s :

— 0.10 and 4A — 0. 7’ ,
plant plant

Solution , 1, We calculate the warming influence of snow similarly to exam-
p le 10 and the amount of the temperature shift similarly to example 9 on
swampy sections in a region with a sharp ly continental climate, The average
annual tempera t ure (t’) and the annua l amplitude of temperatures on the sur-
face of the soil (A’)°with con sidera t ion of 

~
tR 

and ~~ I 
but without con-

sideration of th~. iflfluence of the snow are : p ant
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- fl n , 7 - 0 3  52) ,

1 , 5 2. 5 22°.

Being  g i v en  in accordance w i t h  the procedure In examp le  10 the  values~~~t =

— 7 and 9° a t  c 
~~ 

770 k c a l / ( m 3) (degree) , Q~~ = 40 ,000 kca l/ rn 3 ; A = 
Sfl 0,6

I ; X
sn 

= 
V - 

0.25 k c a l/ ( m ) ( h r ) ( d e gr e e ) ;  z = 0.5 m; ‘r — 400~ hrs  we
o bt a i n  the  f o l l o w i n g  c a lc u l a t i o n  values  (Table 56).

T ab l e  56 Calculation data for determining ~ t on swampy sec t ions

A 
— F ~~~~~ 

F C
‘I 1 .  ‘e - ~~ - 

~~
. C - I p ’,,~ ~ ~ . 

- - 
, n

7 1 ,2 15 i , - ( )  i, , 7 -3 : 1  ~
-
~:o :L o  ~ 2 ~7 20ri¶~ .3 ,2 13 l , G3 ~.o ; - ; ‘ -o — 2 1 , 0 C , 5 7S (,- J

Key: A - ~~~~~ 
°C B - 

~m ’ 
C C - 

~~2c’ m D - 

~gr ’ kca l/m 2

E - t  , °C F - t  , °C G - Q  , kca l/m 2
sn o-wtr sn

With the da ta of Table 56 we construc t a dia gram (F igure 101) from which we
find that ~~ n 

— 8,0
0
, Consequently, the temperature regime on the surface

of the s o i l  ~ nder a sflow cover is characterized by

— 5.8 ~
-
~2) 2.2’

:1,) 2 2 — 8  1 1 ’ .

For t he s t a r t i n g  data : t
o 

2.2°; A = 14,0°; k = 0.6, .X f = 1.0, )ili
0. 82 k c al / ( I n) (hr ) ( d e gr e e ) ;  T = 4000 hours , we find the tempera ture shift.

Being given in accordance with the procedure in example 9 the  v a l u e s  of
equa l of 1, 2 and 3 , we obtain data (Table 57) for  the con t ruc t ion  of a
d iagram (Figure b 0 2 )~ from which we f i n d  that 

~
tA 1.8 . Consequently,

— 2.2 — 1.8 — 0.4

~~~~~~~~~ 

2 
~~~~~~e l

~~
l
: ~ t~:~

8
~~~

m ~~~ ~~~~~~~~

Table 57 Calcut,:tjon data for determining&~ on swampy sections

Af ~ .

_

~~~ ~: TT~ IPIJIt

Q 2 I� 

-

1 ,0 1,2 1 ,25 7 . i 2 ,2
3,0 0,M 1 ,0 7, :’ 1 , 4
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A — 
~~

‘

Figure 102. D iag ram for  f i n d i n g  At
A 

Figure 103. D I a g r a m  for  f i n ~~ing L1 t 0.a - A t , °C b - q , kcal/m

2. We calculate the warming influence of snow and the amount of the tempera-
ture shift on drained sections in a region with a sharply continenta l climate.
Wi thout consideration of the influence of the snow but with consideration of
the influence of At.. and & , t and A are equa l to

K p lan t 0 0

- — 02) .J. 0,3 - 0 ,2 = 6 ,3°,

--1 22 - 1 ,0 23°.

Being given Lit — 4 , 6 and 7°, we obta in at  C~ 550 k c a l/ ( m 3)(degree) , ~~
= 15,000 k~ia l/in~~; X~ — 1.0, X — 0.25 k c al/ (~n ) ( h r ) (degree) and r 4300 hrs
the following data (Table 58). Having constructed on the basis of the data
of Table 58 a diagram (Figur e 103), we f ind  tha t A t  ‘

~~ 6°, Consequently,
t — -6,3 + 6 — -0.3° and A — 23 - 6 17°.

0 0

Table 58 Ca lculat Ing data for determining E.~t on dra ined sections

A ~ D E F 
-

•1, ~~~~~~ S t,, ~~ A ,, ‘t ~, -w -~ ~~. C ~~~~ 
N v , ~~~ c , - - 

- ,

4 — 2 3 I 220 97  1 ,60 355)3 J -—1 4 .2 2 -1o
6 -0 ,3 1 2 ,43 7,6 1 .77 41: ,~ 2! — 1 1 . 3 40~ - )
7 -~ 0,7 16 2 ,30 7 ,4 1 ,79 40803 21 — 1 0 .2 ~6~~ U

Key: As for Table 56

Table 59 Ca lculating data for determining 
~
t n on swampy sections 

B - - - ‘
~~~~~~

‘‘ --

A ( 1

~~~~~~
, ‘C t •~ ~~~ ~~•. S 

~~
, JI 

~ :,
- ‘ “ ~~ h, ’ ~~~ - -~~~- 

~~
.

I ~ , -1 ~ .0 0. 3 7 , 3 0 ,~ 6 13 C10 - - 1 2 ,3 2-~.6 l i t - t o
2 — 4 ,4 8 ,0 0. 4 6 , l 0 , 1 7  17 4 - i — 12 ,3 - ~.3 17 200
4 2 - 1  6 ,0 0 ,46 4 ,2 0 ,18 1)1 O i l  —12 ,3 ~ t’ 2Ss10

Key: As for Table 56
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The teniparature shift on dra ined sections is found at the following initial
d a t a :  t — -0 .3°, A — 17 °, X 1.0 , A~ 1.2 kcal/(m )(hr)(degree); Q =

- 15,000 kcal/m
3
. With a nomogram (Figure 33) we find that 4t ~~ 1

0
. Con-

s e q u e n t l y ,  on those sections

1- ( 1 ,3 - 1 ,0 -

Thus the calculations showed tha t under the conditions of a sharply cont i-
nen ta l  c l ima te at a s u f f i c i ent ly large heigh t of the snow cover the swampi-
ness exerts a substant ia l warming influence in comparison with dra ined sec-
tions (t~ — _l.3

0
) and can lead to the formation and existence of taliks ,

3. We ca lculate Lit and I~ t,\ on swampy sections in a region with a moder-
at ely m a r it ime cb im ~~e, Without consideration of the inf luence  of snow:

- ~,o 0, 3 - , 0 ,3 . 0 , 4° ,

- I i  :- 0,8 - - 1 ,8 10°.

Being given in accordance with the p~ocedure of example 10 the  va lij es &
= 1.2 and 4° at C,,,01~~ — 770 kcal/(m )(degree), ~~ 40 ,000 kca l/m  

~~
kcal/(m)(hr)(degree) we obta in the following ca lculating da ta (Table 59);
z — 0,5 in;  “t 4300 hours.
Sn

Having constructed a diagram in accordance wi th  the data of Tab le  59 we f i n d
that A t 2.10 (Figure 104). Consequent ly  t o -4.3 ; A 7 ,9°; ).. 0.6 ,

— 1,1, > f 
1.0 kcal/(m)(hr)(degre e); Q~ — 40,000 kcal/m3 we f i n d the

temperature shift, Being given in agcordance with the procedure of example
9 the Yelues of AtA — 0.2, 0.5 and I , we obta in the calculating da ta (Table
60), after plotting wh ich on the diagram we find that At

,~ 
‘
~~~ 0.3 . Consequent-

ly t . — -4.3 + (-0.3) — -4.6

~ t c,,°C

4
A!t C

Q,~~~~~~~~~~~ 2L~~~10000 ?0000 .0000 5000 4 ~)2O,~, Cfl/ fr4 ~

Figure 104. Diagram for fin~ ing ~~~~~ Figure 105. Diagram for finding
a - At sn 

°C b - Q, kcal/m 
~~~~ 

a & b as for Figure 104.

4, We ca lculate At and Z
~
tA on dra ined sections in a region with a mod-

erately marit ime c1~~tate, Without cons ideration of the influence of snow
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1~ 7,0 ‘ -0 .2 (1 , 1 0,7 ,

I I  ( 1 , 5 — 0 . 7 1( 1 .8° .

Being given the va lues  of At of 1
0 

and 2° at the  i n i t i a l data C 550
3 sn vo l - t

kcal/(m )(degree); Q~ 
15,000 kca l/m — 1.0, 

~ sn 
= 0.25 k c a b/ ( m ) ( h r )

(degree); ~ 4300 hours , we obta in data for the cons truc t ion of a di agram
(Labl,.e 61).

Table 60 Calculating data for determining 
~
t
A 

on swampy sections

- F (Q A . C) 1 )~ — I ?.
‘ 

-

‘0 . ~C 1,, ‘C U A • ‘C ~~~~~~~~~~~~~~~~~~~~~~~~~ -
S t

0 ,2 3 ,2 0 ,5 5 ,5 0, 35
0,5 - 3,5 0 ,46 5,7 0,3

Table 61 Ca lcula t ing data for determining At on dra ined sections

~~~~~~~~~
- —--

~~~ c i- - - -~~~~~~~~~~
-- F - - -  - 

~~~~
- - — - -

‘C 1,. ‘C 1,, ‘1: ’;. w 1, 
~~

. 01’ ~ 
~~~~~~~~~~ ~ - fl

- I

I - - 5 . 7 9 .~ o - ’-s ~ o , -; r ‘3 15 1, 5 -- 1 - I  s i t

2 — 1 , ’ 5 , 5 0.~- 3 u o , -;.s~ 11 (52 1 _ , i ‘(i I l l ’ s

Key: As for Table 56

Having constructed a diagram (Figure 105) we find that iltsn — 2° and then

1~ - - - — 6 , 7 -
~~~

- 2 . — 4 , 7° ,

10 ,8—2 -~~ 82)’.

We find Lit~~corresponding to the following data : t — -‘4.7°, A — 8.8°;
— 1.0; 

~~ 
— 1.1 kcal/(m)(hr)(degree); Q

0 
— l5~000 kcal/m

3.° On the
basis of a nomogram (Figure 33) we obta in ~~~~~ 0.18°. Therefore

i~~~~~--

Consequently, under the condit ions of a moderately maritime climate on both
dra ined and swampy sections the warming influence of snow and the temperature
shift are similar in value, As a result of their sunmary inf luence the aver-
age annual temperature of the rocks on the two sections rema ins negative and
substant ially lower in va lue than on the corresponding sections with a sharp-
ly cont inental climate,
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6, The I n f l u e n c e  of I n f i l t r a t i o n  of Prec ip l tatioiis on th~ Forma t ion of
T a l I k s  of the Radiation -Infilt ration Subtype

The typ e  of t a l i k  is r a d i a t i o n - t h e r m al and the subtyp e is r a dI ,-i t l t --i n - iu f i l t r a -
d o n. A grea t i n f l u e n c e  on the  f o rm a t i o n  of such t a l i k s  is exerted by In f i l -
trating atmospheric precip itations.

On sec t ions  composed of coarse w e l l- f i l t e r i n g  rocks , In the  sunnner a tmosp her k~ —

prec ip it a t i ons , f i l t e r i n g , ca r ry  a d d i t i o n a l hea t in to  the s o i l s .  In the
region of propaga t ion of permafrozen rocks in the layer  of suniner thawing
the  e n t i r e  store of hea t in the i n f i l tra t ing pr eci p itations goes to elevate
the temp era ture  of the  layer of t hawing  and for  phase t r - t n s i t i o n s  of the  ad-
d i t i o n a l depths of thawing. In first approximation this can be quant itatively
considered reduced by the above formula (5.8.3). For pract ica l calculations
with that formula it is necessary to take from meteorologica l handbooks the
monthly  or 10-da y sums of the prec ip it a t ions  f a l l i n g  in suniner and  the  average
monthly and average 10-day air temperatures respectively, It is assumed tha t
the pr ecipitations enter the soil with a temperature equa l to the air tem-
perature. Therefore  the sunm!arv hea t f l u x  (v x t x C ) enter ing the

prec a i r
soil wi th prec ipitatlons can be determined as the sum of the product of the
monthly (10-day) sums of the precipitatioris t imes the average monthly (10-day)
air temperature during the ent ire suniner period .

Calculation of the Possibility of Existence of Taliks on Account of I n f i l -
t r a t i o n  of Atmospheric  Pr ec ip i ta t i o n s  (Examp le 37)

In the investigated region on sections of terrace composed from the surface
to a depth of at least 10 meters of sands, ta l iks are developed. In the
sands there is a water-bearing horizon , the level of which fluctuates in the
range of 3 meters, and the water temperature in the course of the summer var-
ies ins ignificantly and on the average is +0.5

0
. On sections of the same

terrace, where the sand deposits are covered from the surface with loans 1
or 2 meters tntck, permafrozen rocks are distributed , The conditions on the
surface of the sections differ slightly: on thawed sections the plant cover
consists of sparse pine forest with an admixture of birch , with sparse under-
brush and herbage. On sections with permafrozen rocks, green mosses are en-
countered in patches , not mere than 2-3 cm in height. The snow height on
both those sections reaches 0.3 m and its density Is 0.17 g/cc on the average.
The climatic conditions are character ized by t — -1.2° and A — 4,4

0
,

and the reg ime of fall of suniner precip it a t i on~ ~s determined b~ 
rthe da ta

in Table 62.

— Table 62 Characterist ics of precipitation in the suniner period and cal-
culating data for determination of t~t

A 
- 

prec

10n4a311e-_1w V VI ‘1~ 
J 

VIII IX

B ~~ 
W t ~ 40 30 70 60 80 276 1

C ~,, ‘C -~ - 3,8 10 .7 13 .5 15.0 /,3 -

BC ~ u0~~((, - 0 .5) 140 306 ‘till 870 511

Key : A - Indicator s B - oc — p recip C - B — air
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On sections composed f rom the sur f ace of sands the pr ecip itations comp letely
infiltrate into the deposits . On sect ions composed of b arns in t h e  layer  of
seasona l thawing , the prec i~’ i ta t i o ns  go out in to  the sur face  r u n o f f.

the  p l a n t  cover has a c o o l i n g  e f f e c t  on the rock temp era tures : f~t = _ 0 .2
0

and AA — 0.8°. p lan t
p lant

- ~~~.. .The . soils on the sections a~ e characterized by the following properties : the
sands have ‘k 

— 1250 kg/rn ; w = 12 ’~ ; 
~~~~ 

— 1.5 kcal/(m)(degree)(hr);

C 370 and C = 310 kcal/(rn )(degree); Q — 9600 k c a l/ m
3

; the  l i ’ ,i mg
vol-t vol-f 0

have — 1150 kg/rn3; w = 20%; 
~~ 

= 1.0 and >~f 
— 1.2 k c a l / ( m ) ( d e g re e) ( h r ) ;

C ‘
~~~ 400 k c a l/ ( m  ) (degree) ;  Q = 16,000 kca l/ m 3. It is required tov ol -t  — 0

determine the conditions of existence of a talik on sections composed from
the surface of sands.

Solution, 1. We determine the temperature regime on the surface of soil on
both sections wIth considera t ion of the plant and snow covers (with 5.3.10):
t — 22 x 0,188 — 4.1°. Consequent ly

1,, 1 , 2 I , ! - 0,2 I )  :3° -

:1,, 22 -1 , 1 —- 0,8 17 , 1’ .

2. On sections composed from the surface to a depth of 1-2 m of b arns , in
the layer of seasona l thawing a temperature shift forms. We find it with a
nornogram (Figure  33) for the following starting data: t -0~3°, A 17.1

0
;— 1.0 and — 1.2 kcal/(m)(degree)(hr); Q~ 

= 16,000 ~cal/rn~, In°tha t

case At~ — 0,8 • Consequently, t~ — -0.3 - -0,8 = _ l ,l
0
,

3. On sections com1.osed from the surface of sands there is Infiltration of
atmospher ic prec ip itations into the deposits. As a result of convective hea t
exchange the temperature of the rocks rises. We find the warming influence
of the infiltrating precip itations with formula (5.8,3), taking inta account
that in the process of infiltration the water is cooled to +0.5 , reaching
the level of the ground waters at a depth of 30 m:

“ - - “- - ~~ -~
- 

‘~~~

?. - 1. I ,5 - s ,

4, We find the average annua l temperature of the rocks on sections where
the infiltration of atmospher ic precip itations occurs freely:

= t- -
~~ ~~~~~~~ 

— 0,3 (),o o . :~ -

Under those condit ions the depth of the seasona l thawing will, be 3 m,

Thus the infiltration of atmospheric prec ipitatlons on sections composed from
the surface of sands assures the conditions of existence of a talik,
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B esldt- s  the  cons idered  approx imate method of ca l c u l a t i n g  the therma l i n f lu -

~- nCc on r icks of t he  infiltrating atmospheric prec ip itations , In section 4
of Ch.i~~t€ ’ r 9 was presented the s o l u t i o n  of a u n i d i m en s i o n a l 1 r n b l e m  of the
t h a w i n g  of coa rse ly  disp ersed so i l s  w i t h  co n s i d e r a t i o n  of the i n f i l t r a t i o n
of surTIfl~’r preci~ it a t  ions on d i g i t a l computers .

7. The- Influence of W at e r  Covers and  the  Comp osit  ion of the  B o t t om su t  Beds
on the Formation of Taliks of the Underwater Type

Ty1- e of t a l ik s  -- underwater - therma l (hy dr Cgen ous ) , subty : o -- s h e l f .

Taliks of the underwater type ,iru encountered in bottomset beds of the sea
shel f , under lakes and under riverbeds. The thickness and composition of the
layer of water in water bodies to a considerable degree determines thu struc-
ture of the rad iation-therma l ba lance of the surface and the therma l regime
of the bottomset beds.

The therma l state of the bottomset beds within the limits of the shelf is
determined by the temperature of the bottom layers of water in the course of
the year. In that case, depending on the depth and salinity of the water ,
there can be two cases: the first , when the temperature In the bottom layer
rema ins above zero dur ing  the en t i ro  year , and the second , when a p o s i t i v e
t emp erature is observed only  in the sailiner period . In the l a t t e r  case the
bottomset beds f reeze seasonal ly  and theref ore in the hydr ogeo logic a l sense
as a f eeding reg ion they are swi tched off  in the win ter per iod.

When there Is a negative average annua l temperature in the bottom layers of
the water on sections of the shelf there will be permafrost of the bottomset
beds. Most often in that case the r’empera~ ure of the deposits at great depths
of the body of water is kep t at about -1.9 (the freezing point of sea water).
Under those conditions the taliks in the bottomset beds belong to the class
of i n f i l tra t ion and pressur ized-filtration and to the subclass of cryohydro-
halinic , The t mperature of the rocks in those taliks usually is below 00,
but the rocks contain no ice. The upper part of the talik within the range
of negative temperatures Is in essence a zone of frozen rock masses, The
thickness of the latter can be calcu lated in accordance with the geothermal
gradient and the temperature regime on the surface of the bottomset beds .
The ind icated taliks are a zone of active water exchange during the entire
year ,

Type of taliks -- underwater-therma l , subtype -- underlake. In fresh bodies
of water the layer of water has a warming Influence on the temperature of
the rocks , protecting them aga inst severe wInter cooling. At a depth of bodies
of water surpassing the depth of their freezing , the bottomset beds remain in
the thawed state ’ the year round and have a posit ive average annua l  tempera-
ture. At a depth of the body of water below the depth of freezing the bottom-
set beds freeze with the formation of either seasonally frozen or perinafrozen
rocks, The formation of taliks in bottomset beds under the influence of lakes
must be regarded in connection with the composition of the deposits. If they
are composed of non-filtering or poorly filtering rocks, the taliks could
exist on account of conductive heat transfer. But if they are composed of
rocks which fil ter well , their existence involves convect ive heat transfer.
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A t a de~ th of t h e  body if wat6r greater than the depth of Its freezing the
t umi- i  ture of t h e  b ’t t o m s~ ’t beds is kep t above 0 d u r i n g  the  e n t i r e  year ,
and this leads t i  t he  fnrma t l iii of a ta ilk. The thickness of the to 1 ik du-
pcnds on the width f t l i  body of watur and the thickness of the permafrozen
r- ”ck masses in t he  coa st a l  ma s s i f , and a l s o  the  t i m e  of ex i s t ence  of th i  l ak e .
If  t he  t :hickness  of th e - f r ’ st (

~ , ) exceeds the w i d t h  of t h e  l ake  (B) , then
in the case of absence of conveck?~~~e heat exchange in t h e  bottnmset beds un-
der the lake a non-~-u rmeating talik will occur. Ih~ t ime of f’’rn~ tion of t h a t
talik and its configuration can be de t e rmined  w i t h  the  f o l l o w i n g  calculating

~r- ’c€-d ur e.

Calculation of the T ime of Formation of a T a l ik  and I ts  C o n f i g u r a t i o n  ( W i t h
the  Method of D . \- ‘ , Redozubov) Under a Therin okars t  Lake (Exami le 3~~)

The lake is situated on a bake-alluvia l p lain composed of a mass of silty
l i g ht  and  medium sandy b arns similar In composition. ~n the frozen state the
sp ecific gravity of the rock skeleton 

~
‘
sk ~~ 1000 kg/rn on the average , Wv01 

=

— = 1.3 k c a l/ ( m ) (hr ) (degree);  Q~ — 32 ,000 kcal/m
3
. The average  an-

nua l t e mp e r a t u r e  of the p erma f rozen  lake t~a l l u vI a l deposi ts  su r round ing  the
t a l i k  is -7  , and the  geotherma l gr a d i e n t  in the  f rozen  rock mass (g)  is close
to 0 • The d imension s of t he  lake, which is ova l , are 100 x 70 in, and its
depth Is 1.8 m . The average annua l air temperature in the region is -13.5
and the average amplitude of tempera tures Is 440, The thickness of the snow
on the lake reaches 0.3 m and its density is 0.25 g/cc. The thickness of the
ice (H

1
) in stagnant bod ies of water of tha t region reaches 2. 2

So lu t i on . 1. To determine the c o n f i gu r a t i o n  of the t a l i k  under  the lake ,
and la ter  the t ime  of its  f o r m a t i o n , it is necessary to determine the tern-

1 €?rature reg ime of the bottomset beds at a depth of 1.8 in, In accordance with
the procedure of exampl e 17 we f i n d  success ive ly :

~~~ 
22 . 0, 1 [~-~ -3 , 1 (rio 5-3 I

- I-Ui 3.4 — 0 , 1° ,

,1~> ‘22 - - 3 , 1 IM , h

/ ,S,~ , 1,~,, 28. 7° ,

2 ,2 I , ~— - - I 2-~, )  5 , 5
- - ~~~- , 1 , 7’ (r i o  ~~3. 1) .

2. W i t h  formula  (5.5.2) we find the depth of the lake at which the isotherm
of the zero annua l average temperature passes, below which on bank slopes the
talik starts:

ii
~ (i 

- -~~~~ 2 , 2 (i  - —

~~~

‘ ‘ ) 1 , - i )  , j c ,

3. We dete rmine the conf igura t ion  of the t a l i k  under the lake at the moment
of the steady temperature regime with the method of D. V. Redozubov (see sec-
tion 6, Chapter 3). For the given case, assuming the origin of the coordin-
ates to be on the left bank of the lake (Figure 106), we obtain an expression
for the temperature of the bottomset beds at any point (x, z) of the region :
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FI gure 106. Configura tIon of talik F igure 107. Layered frozen rock mass
under lake at the moment of steady forming as a result of the riverbed
temperature reg ime: 1 - lake ; 2 - dynamics: 1 - loam ;  2 - sandy  loam;
t a b i k  under lake ; 3 - boundary of 3 - sand containing gravel ; 4 - c- ir s e
frozen and thawed rocks ; 4 - f rozen  grave l ; 5 - limestone; 6 - m ar l ;  7
rock mass, fault with fractured zone; 8 - bound-

ary of per inafrozen rocks.

/ ( x , :) ç $ ; f s 
~~ o 7 , ~~~~ -

(II) v , -, ‘ 100 - - -
-~ I 7 ( ;~~iL~

_
~~~

__
~ - ari - t ’ ~~- 

,
,~ 

- i  
( 

-
~~~ -~>rc h~ 

~~~

_

~~~

__ )  - 1 > 1 , 1)

The resul ts  of ca l cu la t ions  for 10 po in t s  a t  a r b i t r a r y  va lues of x and z are
presented in Table 63. On the basis of those data , on Figure 106 Is shown
the configuration of the talik, the depth of which reaches 15.2 meters .

Table 63 Ca lculation data for determining the conf igurat ion of a t a l i k
under a lake by the method of D, V. Rodozubov

‘ 4  5 5 - , 20 -Il) 20 40 2 (1 ~Q 20

~ 3 10 13 S 10 10 13 lo 23
V . ‘C 0,5 2 .3 2 .0 0 . 9~ I , ‘2~ 0.2 0,7 

~~~~~~~~ 

0, 3 I . 0
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W e f ind the t ime of format ion of the ta Ilk wit h the a~~pr ox irna t e  St e f a n
f~~rm u l a  (3. l.7)

3
at the starting data = 1.3 kcal/(m)(hr)(degrc-e ), Q~ =

— 32 ,000 k c a l / m  , t = 1.7 and ~ 15.2 meters :

H ç  - 15 .2- - 3; ñ~ O - ‘  
~~~ 

)7( 
~~~~~~ .~~ -~~2 ‘n)a .

I .3 I ,7

Thus under the lake a talik with a depth of 15.2 meters could have formed in
382 years.

/T ype of taliks -- underwa te r - the rma l , subtype -- u n d e r - r i v e r b e d/ .  l a l i k s
under  r iv erb eds , just like those under lakes, are connected with the warming
i n f l u e n c e  of the l aye r  of wa t er cover ing  the  bottomset  beds,  T h e re for e  the
above-cons idered  r e g u l a r i t i e s  of the f o r m a t i o n  of t a l i k s  under  lakes  r e m a i n
valid also for those under riverbeds, At the same t ime , there ar e d i f f e r e n ces
between them wh ich relate above all to distinctive features of the temperab.>re
r eg ime  of the layer  of water  in the sunnier and w i n t e r  pe r iods , and a l so  dis-
t inc t ive  fea tures of the f o r m a t i o n  of the  ice cover. The tempera ture regime
of the water in the rivers differs above all on accaunt of the flow of the
water . In the sununer perIod this leads to a certa in r educ t ion  of t e mp e r a t u r e
of the water In the river , and in winter to a reduct ion of the depth of freez-
ing of r ivers as compared with lakes , The latter has the result tha t the for-
mation of taliks under r iverbeds usually involves smaller depths of rivers
than of lakes, When the bottomset beds are composed of n o n - f i l t e rin g  or ~-onr-
ly  f i lter ing  rocks , the taliks under r iverbeds belong to the class of anhy-
drous , subc lass thermal, The type of talik -- permeating or nonpermeating --
is determined by the depth , wid th and regime , and a lso by the dya amics of the
r i v e r b e d  and h i s t o r y  of development of the valley . Often when the r iverbed
Is wide enough and the r iver deep enough nonpermeating tiliks of small thick-
ness are noted where according to the tempera ture conditions of the river cur-
rent they ought to be permeat ing. Those taliks are connected with an inten-
sive shift of the’ riverbed under conditions of continuous perma f rozen  rocks
within the limits of the valley profile. On stable sections of the riverbed ,
where a ra ther  t h i c k  layer  of water  ex i s t s  a long t ime , t a l i ’<s fo rm wi th  an
a lmost stationary tenr~erature’ field. By virtue of tha t , when the talik is
wide enough it usually is permeating. In the 3rese-ii cu of i n t u n - e  dynamics
(shIf ti~~~) of the r iverbed taliks can form wh ich are underlain by continuous
p erm afrozen  rock masses , tha t Is , in t e r l aye red  by thawed and f ro z e n  ti ’ir izons
(Figur e 107).

Bur ied  t a l i k s  of the  sub-bed type can o f t e n  be encountered In the vall~~s of
l a rge  r i v e r s .  The i r  fo rma t  Ion is connected w i t h  s h i f t  of the  r iverbed  and
the f ’ r m a t l o n  in I~~s p lace of sand i s l a n d s , on wh ich from the s u r f a c e  the re
is  perenn ia l f r e e z i n g  of deposi ts.  W i t h  t ime the buried t~ì l i k  under  the
r iverbed can freez e comp le te ly .  On the bas i s  of the character  of t he  bedding
of the permafrozen rock mass and its t empera ture  reg ime on those sect ions it
is possible t i determine by calculation the t ime of existence if the t a i l k
under the r iverbed and its freezing rate.

The probability of the formation of permeating taliks as a funct ion of the
temperature regime and the th ickness of the l ermafrozen rock masses on river
banks and the temp erature  reg ime of the r iver f l o w  can be calcu la t ed  as fo l lows ,
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D e t e r m i n a t i on  of the  Charac te r  of theTalik Forming in a Weakly Filtering
Alluv ium Under a R iverbed (Exim ~ Ic 39)

The bottomset beds under a r iverbed are com~ osed of p oor ly  f i l t e r i n g  lo~ ri~,.
The conditions on the investigated section are as f i l ows : on th~ l e f t  of
the  r i v e r b e d  extends a narr ow f l i d  p 1. in coin osed of peritefrozen sandj loams
and loan s , the average annua l tem~ erature ‘f whicn is -0.5 . On the ri g~ t
the river ui~~u r c - at s  a steep scarp of the first terrace above the f i d  p lain ,
composed of permafrozen sands with an average annual turn~ cr ture of -2.5 .
The tempera ture gradient in the frozen rock mass is 0.02 deg/m on the aver-
age , The river bed is 60 in wide and the average annua l temperature of the
water in the bottom layers is +1.5 .

Solution . We find the conf iguration of the t a l i k  under  the r iverbed at  the
moment of the  e s t ab l i shed  tempera ture regime wi th  the  method of D , V . Redo-
zubov. For the g iven case , assuming the or i gin of the coordinates ti be on
the left bank of the lake (Figure 108), we have an expression fo r  the tem-
perature at any given point (with respect to x ~nd z) in the region of the
i n v e s t i g a t i o n s :  

-

i (.v , :r g:- ~ ~ ~— o .s (  - ‘ 
~~~~~~~~± )

1 ,5 L ~~ 
~~~~~~~~~ ~

-)  

- -  2 , 5 ( 
~~ ~~~~ - / 3

The results of the ca lculation for 17 points at arbitrary given va lues of x
and z are presented in Table 64 and on Figure 108. Those data testif y tha t
a permeating tallk forms under the riverbed.

(_ - v / -
~ -~~=/  ,~ 

-

Table 64 Calculation data for deter- 5. /f~, ~~~~~~~~~~~~~~~~ 
mina tion of the configura tion of a / ‘ 

.- /
to I lk  under a r iverbed by the method ‘ - ‘- •

~~~~ C” ?>~“- ; ; - - .~
of D. V , Redozu bov -i - —

. ~ ~, ~~~~~
‘ C  

(

(I 5 - 0, 1 -60 - - O s! , .

10 5 O 3 ~ ~~~~i 2 ’) 0 ,- ’
I) JO 4 2U ~

)

J r  lii 1, 0 1 i i  J-~ i . I .

I i> 5 0,5 -.u 40 i ) .  Figure 108. Conf igura t ion of a ta 11k
JO ~3 0 1’ - - - 20 5’) 0 ’Ol under a riverbed at the moment of the

— r ‘ ‘1 0.1 V’U nJ O~~’:~ -- o t ~ - ~~ u ~ established tempera ture reg ime : 1 -

~3 0, 12 r iver ; 2 - talik under river ; 3 -

boundary of frozen and thawed rocks;
4 - frozen rock moss,

T al i ks  of the sub-r iverbed subtype which form in the presence of w e l l - f i l t e r-
ing bottomset bec~s belong to the class of g round- f i l t e r ing and tnt t i t r a t ion
and the therma l subclass.  The warming in f luence  of the water f l o w , the dcpth
of which is greater than the depth of freezing, besides a therma l insulation
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effeCt which d e t e r r n l r o - s  t he  conduct  iv~- ho- it exchange in the  h ot t o mset  beds ,
1 cc ’irn I ished thr -t~gii add i t  i’ ia I convect IV hea t  t r an s f e r  • W h r c -  t i r e  h t —

- r n - - c t  beds ar , cm ;  ‘ e d  of san d y  and  g r a v e l — :  e - - b b l e  r cks  th e - - w a t e r - . - - f  L h c
f l o w  u n k  r the  r ivi ri d , c i r c u i t. ing , c a r r y  w i t h  t h t  ri a I r ~~ qu~in t  i ty  sf
add  it i n  1 hea t , t h a w ~ r iri f roz e n  rock mas ‘;es and ;h r ~ 1 

-
,‘ cl v - i t  ‘ t - -n t i  :r- era —

turu of t h e  rocks. In t lr - ìt case ernest ing t~. I iks f-n , m r  r r  ly non-: er—
me-a t i ng .

At  a small do: ti of the r iverbed and its corn: be tc frei :~ ing in vi 1. ‘r , in the
sunrn~ r th~. t a l i k s  under  t h e  r i v e r b e d  a r e  c- ’n rr l et e l y  r i  --t or c d  and tb ’ wa~ ’-r in
them c i r c u l , t e o  u n t i l  they  are  com~ lu te -b y or b a r t i ,  Ily f r ’ ,~ ii in  w i n t ’. r .  in

h~~t case , v i i- :  the- r iv ’ .- r  de -th ren~i i r i s  r~ t h €  r l a r g e  even in t h e  w i n t  o-r , tho
t a l i k s  e x i — .t t h e  year round .

In t h e  valle ys )f large rivers the sand y-: ebblu- de- r -os its ‘f the  riverl)ed fac  i’.--
f t en are wide - -~~ r i - ad  c-veil w i t h i n  the  l i m i t s  of a i i  r r v  f l o o d  p l a i n . U -sa l l y

cr nf m e d  to those  do-pu s its is an a Iluvi 1 flow , cl isely connected with the
r iv r I ’ .  1 in i t s  c o n d i t i o n s.  Through  rn verne-i t ‘f t h e  a l l u v i a l  f l  w 1 r: ’: tab iks
- - i  t h e  water—tb ’. rura l typ e, Genet iea 11- ’  t h e y  a r o -  c l o s e l y  connec ted  w i t h  the
su b - r i v e r b e d  s u b ty ~ e of unde rwa te r  t a l i k ~~.

~~. The Influence e-f S u b s u r f a c e  W a t e r s  on the  Forma t lor i  of Ia I iks ‘ f thi

~ate r— 1he r rTLtl l yl (
~

laliks of the water-therur l (hydrogeogenic) ty; e owe thi-ir existenc e t -  the
resence of add it jolla 1 convec t ive  heat  ‘ . -xchar~c:e Pt) account n~ t he  movement of

s u b s u r f a c e  wa te r s .  Do-1 c-riding ‘ .i the  type of s u b s u r f a c e  w a t e rs  ( d e s c e n d i n g
i n f i l t r a t i o n , ground  p r e s s u r i z e d  and  un p r e s s u r i z e d  or ascending subfrostal),
t a l i k s  of three subty 1 es a r e  d i s t i n g u i s h e d  (see T a b l e  45) ,

/ l’he subtyp e of tal Iks forming on account  of t h e  warming i n f l u en c e  of ground
w a ter s / .  T a l I l ~s of t h i s  sub typ e  are  widesprea d in valleys and on Sbo l us.
Ih e  w a r m i n g  i n f l u e n c e  of groun d waters is  cn n c en t r a t e d  In the regions In which
they are fed by the infiltration of warm sunnier 1 rec i; itations , and also on
the 1ath of t h e i r  movement in v a l l e ys  and  down a long  slopes in w e l l - f I l t e r ing

. r d y ,  g r a ve l- : ebbl ’.- and  crushed rock -g rUss  dc -p o s it  . A sub~ t an t  ia l  warming
Influence on rocks can he exerted by ground waters ~ tho- j iaces of t h e i r
discharge (emergences of ‘n’urc

Determination of tl~o- P o s s i b i l i ty  of Forming an Infiltration lal ik 1hrough the
Runoff ‘if Surface Waters in a Fractured Zo.ie (Exrmp le 40)

The bottom of a valley t i  a dep th of 2 m is compos~ d of sandy-loam and e l i h i e
a l l u v I u m  (al~~i~~,,  

more deep ly -- of s t r o n g l y  f rac t u r e d  g r a n it e s  and g r a n r i t i z e d
gnei sses  of t~~e Archean . The t h ickness  of the  pcrmafr~~~’i rock mass  Is 200 m
on the  average , t -2 ’, A — 15’ , ~ — 2 in; A of alluvial deposits andm o seas 1

2 
of bedrocks are 1 and 2 kcal/(m)(hr)(degrec) çespec t ively. The therma l

conductivity (~~) of the bedrocks is 40 x l0-~ m ’7h r and 1 In layer / is 17,000
kcal/m 3, The average annual temperature of t h e  waters r u n n i n g  o f f  a long  the

- - - - -
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s i - i a r i d  1 : :  i l t r ,t Pg l o g  a l olt in th~ valley bottom is ~~~~~~ Ihe radius
f t i : ’ .  y r . r— , h,- -,,i rb , iri g ,~- ‘le (r) is 10 rnotei~s. 

-i ho-- m E l  ltra t b a  rate (v) is
s.02 rn/hr . lb .. 1. g t l  i - f  t i c in fil tr at inni H- n o d  ( ‘T~ ) is  2400 hours .

m E

Sc ’ lot I - . D u r i n g  b e  ‘t - u t  . . - x c h t r g i -  of inf li t r i  t ing wat oro moving I- oig a
ta I ik , wi th fr -s ri r- -cl..- . a i r t  i i : ~ of the h e -a t  of th o s e  w , i t  i rs  is ex~ en ded ,
as  a r su i t  - - 1 wn i c r  t h e i r  tour; r . I tu r e  dcc l  P ie s . hi;:: .. he-at is x; nd3d in
t h a t  case in t h~ la - cr -f a r i r ~i al  hea t  cycles  on t h a w i n g  th . .  l aye r  of - si - it . .  r

• ing uI  f - - m g  p ’s i t  i v e  , ver ge- annu ,  1 te rn ;  -o-r , ture~ of t h e  rocks • In
that case ti ’ re is a change or. Lb.. a’.’. r ige  aruiua I t ern: era tur’. fr rsnr  nega t ive -
‘ri t’ rc urf .ice- i f Lb... s o i l  to : 0 5  i t  i v . .  on t rhe  base of the layer i f  seasona l
fr.. ez. i:~~. A t ern: r,tur.. shift f -rnr - -~ n account of the influence of t o - -  rising

1 - ‘ ‘ of wa tir .

If tb.. ti ifl: r t u r  - i i: the- surface of t h e  s o i l  is t , then f ir t h e  a v e r a g e
arrnua 1 t.. in: ‘.rature to be no t  be low 0 in the  base - ‘ f  t he  Ia yer of f r eez  t r i g
w i t ’: a th ick n ess ~ (a c o n d i t  i - ri  necessary for the existence of a tal ik), one
re-qui r.. a hea t f1~ x of

it - \~ - - () (
~~o, :- I ~~ 7’

whi - r i  C is t i e  hea t  ca~ a c i t y  ‘f water , kcal/ (m
3
)(degree); v is t h e  s

~ 
e c i f i c

flow rate of water , m3/hr; At is the r e d u c t i o n  of t h e  w. ter t rr~ c - r - i t u r e  in
t i c infiltrating fl ’s- , °C ; 

~ 
i r h’. di- :~th of l u t e - n t  m l  f r e ez i n g  -f r icks

in I ‘~~ Z inc- of ,i t a  1 ik at an~ ave -r ig .. annual temperature on the surface of
the soil of t ;  ,~f 

is t i n  ri  ‘Juced therma l c o n d u c t i v i t y  i f  the r ick - - in the
layer of seasona l freezing , kcal/~lfl)(hr)(degree).

From e q u a t i o n  (7 .1.3) it is ross ible to determine the reduct ion of t h e  t en-
j er: t u r e  if w a t e r  n e c e s s a r y  fo r  the  f o rm a t i o n  c-il a zero average  a n n ua l  t ern-
o r u tur e - in the b.,se of thu l ay er  of seasona l f re e z  ing , and then It re -ETc i r i s

t o  ii.. t i - m i n e t he  r e d uc t i o n  of the  wa te r  t e mp e r at u r e  as a r e s u l t  of h e - i t  ox-
ch. rrg w i t h  the- f r o z e n  rocks s u r r o u n d in g  t h e  talik z inc. In accordanc e w i t h
wha t has been said the I roblem is calculated as follows :

1. We determine the h e at  flux necessa ry  to increase  the iver ge annua l tern-
‘-ratur ’ f rom — 2  t -- 0~

(I 
- 

.,,
~
, 

) 
I

~ 
]~ ‘ ( i ’~( ) . Q ~~ - 

~~~~ ° h , II ~ y.; ; :t

2. We d e t e r m i n e  the  r e d u c t i o n  i f  temperature of Infiltr ating water ~~t 1
)

caused by the  ex1 t - ii d it ir r e ‘if hea t on eleva t loni -i f the t e m p e rat u r e  of the rocks
to 00 f rom t h e  l e f t  s ide of e q uat i ” :  ( 7 .1. 3):

At 1 
‘ ‘ ‘ ~~~ 

-
i i )  h i ‘ I i )  I i

‘~ i i t h ou t  t a k  1m g m i t ’ cot - , iderat ion th a t g t , — t
! 

— t~~.
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3. We f i n d  t i n  amount  of h i ’ .  i t  , h osir1 t ion by the fr’’zi-o i lls of the thawed
z-- n c (,, kcal/ (m )(hr). To do th at we construct a diagram (Figure 109) of

re c r i n g e  of th v a l u e  of ~ with time with the equat Ion of Cars low and
Ye~ g~ r:

where t = t / 2  an:1 T’ = ~i~~/r
2 (t’ is the t ime in hours).

:
Figur e 109. Diagram based on the

- \  Car s i o w  a n d  Yea ger  e q u a t i o n  (7 .1.4 ) ,
where S 1, S , a n d S

3 a re  I -~i r t s  of

the cross-sectiona l area of the talik .
a - (

~, 
kcal/(m2)(hr) b - ~~

‘
, hrs

c - 

~~~: ‘

~1 - - ‘  - - -Th 

4. We determine the ,inni’u’it of the heat flux through the latera l surface of
the talik during the ontire period of infiltration (q ). To do tha t, wi~ h
Figure 109 we ca lculate the re- i of the figure T

b O(~lQ~ k~ k~ 
equa l to S mm

(1 mm2 on the diagram corresponds to I kca 1/rn2) :

- - -) ~- ( ~~~ u ) -S - - ‘- - ‘ - ‘  5. 1 2 -  2

-J 0i /, ‘~() 
, .  S .5, 5. 54 ~2 J

q. S I 22 ’J) Ks,,t/ n -

5. We find the reduction of temperature of the infiltratin g water (At ,) f r om
the formula of Kh. R . Kh ak imov (1962) :

- 
‘/ ‘-r  

- 7 I h)
~ i ,~., ( 

~~

where S
1~~ 

is the latera l surface of the talik , nn 2
; Siat 

— 2irrH ; S Is the

c ro s s - s ec t i ona l area of the t a l ik , m ; S — 1Tr~~:

22 1,0 -2-3 ,1 1 (-200
- - -- 

2- i l - ’) lOnO - 0 , 02 - 3 ,11 - ii;)

6. Wi- find the tota l reduction of the water temperature on the outlet of the
thawed zone

-\1 ‘!
~ 

V. 0 ,5 - i - 1 ,0
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Thus during th.. inf il trit inn of a subsurface f1o,~ w i t h  g iven c har a c t e r i s t i c s
th  existence of a ta I ik is possible Ui “ni )th ’.- cond it ion tha t tb..- ,rvera ge
annual water tern: erature Is not below 2.4 .

it is evident from the c i t e d  exam1 1€ that the warming influence of subsur face -
wa t’. rs Is a v e r y  comp lex process and quantitatively shiij Id be regarded corn-

~-lexly in a close - connection with the radiati ’iru-therma l b a l a n c e  of the- sur-
fac e, the composition , the moisture content and the ~rop- rties of the rocks ,

nd a l s o  in c o n n e c t i o n  w i t h  the- l~ t itudin i z ’- i ; i , t ion and h e i ght  Z o n at  i n n.
it is generally known that the com~onents of the therma l balance of t h e
gr u r n : ’ s i r  f i c o -  a r e -  e s s e n t i a l l y  de t e rmined  by the  t emp e r a t u r e  of t h e -  u n d e r l y i n g
rocks. Because of tha t the warming influen.c .. of the convective heat exchange
through ground waters , by chang ing the temperature of the rocks , at the same
t ime changes the amount of the components of the radiation-therma l balance -.
In p a r t i c u l a r , ~, P and B increase (see Chapter 2). Under the e f f ec t  r f the
ground waters the heat cycles change In the soils . In the region of seasona l
f r eez i n g , increase of the average annua l te-rn 1crature of the soils involves
decrease of the therma l cycles of the soil . In the region in which 1 - erma -
fr-- sen rocks are widesprea d the reverse dependenc e is observed -- increase
‘if t he  therma l cyc les  w i t h  e l e v a t i o n  of the  average a n n u a l  t emper a tu r e  “I the
r”cks.  in that case , when elevation of the t e m p e r a t u re -  on accoan t  of convec-
tive heat exchange Iaads to change of the sign of the ~ver ge- annua l t eriri era-
ture (negative values of~~ become positive) both increase and decrease of t h e -
annual heat cycles can occur. Thus the change of hea t cycles in the soil
under the effect of ground waters occurs in accorda nce with a comp lex 1 , -s.
In additIon , the warm ing influence of the waters under consideration also
leads to change of the tempera tu re  s h i f t  in the layer J • All that has beer)
said testifies to a complex interaction of convective and conductive hea t
exchange in soils ,nd rocks.

h owever , on sections on which ground water s are wi de-si re-ad , the influence of
the latter does not always lead to the f o r m a t i on  of t a l i k s.  At t i ma s  that
influence is manifested in the form of elevation of the temperature- s of per-
mafrozen rock masses within the range of nega t ive va lues and increase of the
depth of the seasona l thawing of rocks. In that case the t a l i k s  can form
onl y during the superposition of an additiona l warming influence of other
natural factors, Thus , for example , the warming influence of ground waters
in combination with the In f l u e n ce  of a thick snow cover can lea d to t h e  for -
mation of both nonpermeating and permeating taliks . In such cases taliks
will have a complex genesis , and this must be taken into consideration in
cons idering the conditions of their formation.

/The subtype of taliks forming on account of ascending  f l ows  of s u b f r o s t al
waters/. The reason for the existence of taliks of the given subtype , l i k e
the preceding , is the warming influence of subsurface waters on account of
convective heat exchange. The difference between them cons ists in the fact
that the temperature regime of pressurized artesian waters has Its own laws
of formation. The warming influence of those wøters should be examined as
a function of concrete characterist ics of the hydrogeologica l structures.
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The r eg ions  of feeding of a r t e s i a n  b a s i n - ;  within the limits of permafrost

r ep r e s e n t  g r o u n d - f i l t r a t i o n  and  i n f i l t r a t i o n  t - r l i k s . The i n f i l t r a t i o n  of
warm summer proc i 1 itat ions and s u r f a c. .  w at . . - r s  leads t i  a relat ively large
i-leva t Ion of the temperature of the rocks and tal ik zores as corrrr~~ir t-c1 w i th
the t e-mu era tu re  of the s u r r o u n d i n g  masses.  The area ‘if  p r o~ .iga t Ion and the
coridit ions of occurrence of ta I iks are linked with the pr’iI ag it ion and occur-
rence of well-filter ing water-bearing comp lexes and their - ut c r” 1  - on the
-~urf ice . The warming influence of subsurface wat i-rs in the given case can
b c a l c u la t e d  w i t h  the  procedure presen ted  in e-x- inr q les 20 and 37.

The c l i ma t i c  c o n d i t i o n s  in the  foc i of discharge of subsurface waters in
i cc- ’rd an ce  w i t h  the long-~-e-r iod f l u c t u a t i o n s  of t emperature  n~~ the su r f a c e
of the ground also have an influence-, reducing or enlarging the area of the
talik a r ou n d  the sources. In separate p e r i o d s  on accoun t  if change  of the
hydrogeolog ical and surface conditIons the taliks can frc-o z’. from the sur-
face and the subsurface waters with a deep circulation can be dIscharged at
a new place. Connected with that is shift of taliks along and across valleys
la id on f au lts oa fr actur ed z ones and usua l ly covered wi th thin  a l l u v ium.
A ~rocedure for calculating the influence of long-period fluctuations on the-
conditions of existence of taliks In foc i of discharge is presented inn the
following example.

Calculation of the Influence of Long-Period Fluctuat ions of Temp era tu re  on
the Surface on the Conditions of Existence of a Ta ilk In Foc i of Discharge
of Subsurface Waters (Example 41)

It must be determined whether  t he re  is f r e e z i n g  of t he  focus  of d i s c h a r g e  of
pressurized subsurface waters on account of periodic fluctuations of tern-

1 e-ra ture on the surface with a period I — 10,000 years and an amplitude
A 4 at an average temperature of the surface of the ground t

o 
= 00 d u r i n g

the per iod .

The geologica l profile Is composed (from the bottom upward ) of dolomites and
man s of the  Cambr ian  w i t h  pressur ized bed-karst fresh water s, covered by a
w a t e r - r e s i s t a n t  rock mass of c l ayey  deposi ts  of the Ordov i c i an.  The th ick-

L ness of the  w a t e r - r e s i s t a n t  rock mass is 80 m , The ang le  of incidence of
the  f a u l t  a long  wh ich the  subsurfac e wa ters are disc ha rg ed is 45°, The ra te
of fil tration of the subsurface waters over the fractured zone is 0.005 in/hr
and the average bed temperature t 20,

The thermophysica l properties of the loose formations are: the therma l con-
ductivity ~~ — l,5

3
kcal/(m)(hr)(degree ), the3

temperature of phase t r a n s i t i o n s
Q~ 

— 10,000 kcal/m and C
vol f 

350 kcal/(m ) (degree) ,  The geotherma l gra-

dient g — 0.01 degree/rn. The maxIma l depth of the seasona l thawing of rocks
during the period T is 2 m,

Sol u t ion ,  1. We determine the ef fec t ive  va lue  of the geotherma l gradient
(g f f ) with considera tion of the convec tive component of the hea l flux (Glusov ,

1970):
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where C
0 

is”~ he heat capacity of water , 1000 kcal/(m
3
)(degree); ~ is the

angle between the direction of freezing and the flow of subsurface waters ;
— ~0 - 45 = 45°.

2. We determine with forni~la (4.2.1) the depth of permafrost at g g
= 0.95 degree/rn. Solving the equation by tr i a l a nd err or , we f ind tha~

— f 
1.5 in.

Since the  depth of seasona l thawing  under  the c o n d i t i o n s  of the  given region
is 2 m , it is obvious  that  the  10 ,000-yea r f l u c t u a t i o n s  if temperature on the
surface of the soil cannot lead to permafrost at the focus of discharge of
r r c-ssunized subsurface waters.

The configurat ion of talik zones at the p laces of emergence of pressur ized
subfrosta l waters on the surface is linked with the propagation and conditions
of occurrence of w e l l - f i l t e r i n g  rocks , the temperature of the water and the
intensity of the sources. Connected with the emergences of subfrosta l waters
of deep circulation are zones of the propagation of large and gigantic ice
bodies - -  Ice sills. The latter often protect the underlying rocks aga inst
freez ing and contribute to the preservation of thick talik zones.

Wi thIn the limits of the centra l part of artesian basins , on the path of
movement of waters their warming influence is determined by the convective
hea t t r a n s f e r  and a l so  by the therma l in teract ion of the subsur face  waters
and p ermafrozen rocks , which  depends on the  spat ia l i n t e r r e l a t i o n s hip of the
latter, Here one should dist inguish the case where subfrosta l waters contact
the lower surface if permafrozen rock masses and the case where such contact
is absent and the subsurface waters have been separated from the frozen rock
mass by a lithologica l confining bed of different th ickness. It is obv i-
ous that the warming influence of waters on frozen rocks will be maxima l In
the case of their contact. When pressurized subsurface waters are shallow
in regions where there are t h i n  frozen rock masses the i r  warming i n f l u e n c e
can lead to the  f o r m a t i o n  of permeating t a l i k  zones. In regions where there
are th ick frozen rock masses , In the central part of a r t e s i an  basins t a l i k s
can form and exist only on zones of f a u l t s  and tec tonic  d i s l o c a t I o n s.

fThe subtyp e of t a l i k s  forming f rom s t r a ta l - f r ac tu r e  and f r ac tu re  wate rs/ .
The warming inf luence of the Indica ted  type of subsurface waters is determined
by the character of their occurrence, propagation and the conditions of motion ,
discharge and feeding. The formation of permeating taliks and ta l ik zones
usually is conf ined to the southern reg ions of a permafrost area. In regions
of th ick  permafrozen rock masses , permeating taliks can form and exist In
the places of discharge and feeding of ztra ta i-fracture and fracture waters
concentrated in zones of tectonic d is loca t ions.  Non permeating t a l ik s  can
form on the pa th of movement of those waters .
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The riicedure f r  ca lculating the age of a ressurized-filtr~ition talik
through the warming influence of stratal-fracture and fracture waters can
be shown on the following exa mp le .

Calculation of the Minima l Age of a P r e s s u r iz e d - F i l t r a t i o n  T a l i k  (Ex a m~ le 42 )

We will assume that a talik of the Indicated subtyp e is confined to  the- frac-
tured zone in dolomites of Devonlan age. It is known tha t the talik radius
(r) is 20 in; the thickness of the ermafrozen rock mass (Fl ) reaches 400 m
and Its average annua l temperature (tm

) is -6 ; the- therma l conductivity
(,)~f ) and temp erature 2c o n d u c tlv lt y  (°~) of the rocks are 2 kcal/(m)(hr)(de-
gree) and 4 x io~~ in /hr respectively; the filtration rate of the wa te r s
w i t h i n  the t a l i k  is 0.008 m/hr ; the d i f f e r e n c e  in the  w a t e r  t emp e r a t u r e  a t
the outlet into the thawed zone and at the base of the layer of annual heat

0cyc les is 0.5

Solution. I. We determine the ch9ge of the amount of hea t absorption by
the f r ozen ta l i k  w a l l s  (J3 , kcal/(m )(hr)) in time , u s i n g  th e Car slow an d
Yeager formula (7.1.4);

p - 
0 3 7  

- (7. 1 .i)
hun i T)  I - 131 hr - 1T’ ) - I

where I ’  — o~T/r
2 

for T equa l to 1000, 5000 and 10,000 years. Th e ca lcula ted
da ta are presented on the diagram (Figure 110).

Jo ~Y

-~ Figure 110. Diagram for doter-
min at ion of the min ima l age of

i~ ~~_ j j L ~ a t a l i k , a - 1000 years
T

2. We f i n d  the va lue of ~3 at the moment of observation with the formula of
Kh. R. Khakimov (7.1.5):

• 
(‘ - S  

~~~
• .\t, (7 1 . 8)

Se~
I/i ( S) - ‘/ , 11  - 400 - - r - --

- — . 0 / h / S  - u,.i u,1 s ’aa  ‘i
- 3,14 - 20 - 4(k)

3. With the diagram (Figure ~l0) we determine the amount of T corresponding
to the va lue  1~ — 0.1 kc a l/ (m ) ( h r ) ;  T = 1500 years. That value also is the
minima l age of the given t a l i k ,

3. Distinctive Features  of the Propagation of Taliks With Consideration
of the L a t i t u d i na l Zona tion  and Geos t ruc tura l C o n d i t i o n s

L a t i t u d i n a l zona tion  in the  reg ion of propagation of permafrozen rocks is
expressed in a regular reduction of the average annua l temperatures of the
rocks , increase of the continuity of the propaga t ion of frost over the area
a nd increase in the thickness of periniafrozen rock masses in the  direct  ion
from south to north, In accordance with that a genera l regularity in the
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1r o ; a g . it i o n  of t a l i k s  in a p e r m a f r o s t  r eg ion  is expressed  In a r e g u lar
decrease of their art-a from south to north . Then , In connec t io’~ with a
gradua l r e d u c t i o n  ‘11 the -  a v e r a g e’  annua l t e mp e - r i t u r e  of the  r icks t h e  r i pa-
g a t i on  of t a l ik s  f r o m  south  to nor th  is l i n k e d  w i t h  rn - re  and mor e s t r o n g l y
acting factors.

‘f h e -  propagat ion of t a l ik s  of the r a d i a t ion - t h e rm a l t y p e - f .  T a l ik s  of the
radiation subtype  (see T a b l e  45) ,  connec ted  w i t h  a s i -u t h e r n  ..-x ; i i - ,u re i f  the
t r r a  in and a sm a l l  va lue of the albedo of i ts  s u r f a c e, a re  encounte red  in
all geostructura l regions mainly in the f i r s t  f r o s t - te m p e r at u r e  zone .  A ve ry
s u b s t a n t i a l  change --  of the  ra d i a t i o n - t h e r m a l ba lance -  f o r  slopes w i t h  a s o u t h e r n
exposure is noted within the limits of mounta in folded regions , where the
s te-c 1  ness  of slopes reaches 10-20 • On sections of such slopes which are free
of p la n t  cover the a lbedo of the surf ace is rel at ive ly 1ii ~ (see T a b l e  8).
A large difference is noted on s lopes wi th  a n o r t h e r n  and sou the rn  exposure--
in the moisture content of soils of the  su r f ace  layer , which is r e f l e c te d
in the arnount of evapora t Ion .  For the  i n d i c a t e d  r ea sons  t h e  compon ents  of
the  r a d i a t i o n - t h e r m a l ba lance  on slopes w i t h  a southern  exposure vary in such
a way tha t t h i s  leads to a s u b s t a n t i a l  increase of the average a n n u a l  tem-
p er a t u r e  of the -  so i l  and a wide  d i s t rib u t i on  of t a l i ks  of the radiation subtype.

W i t h i n  the l i m i t s  of regions of the platform type on slopes with a southern
exposure t a i ik s  of the r a d i a t i o n  subtyp e a l s o  a r e  noted , but  f a r  more r a r e l y
than in ~nounta1nous folded reg ions. Thi s is connected wi th  the s m a l l e r  ste-el  -
ness of the slopes , the di st r ibu t ion of the p l an t  cover and shade and a l s o
the poorer dra inage of the soils , their greater moisture content and swamp i-
ness and , consequently, the greater amount of evaporation .

Taliks of the therma l subtype (see Table 45) are widespread m a i n l y  in the
first two zones , more rarely in the th ird In all the geostructural regions.
Taliks of the therma l subtype connected with a positive temperature shift
f rom 1 to 2-3 are widespr ead  in p la t fo rm and p la ins reg ions composed from
the surface of a layer of Quaternary deposits of a sandy-l oam-loam composit ion
at  a mois ture  content  close to the a b s o l u t e  moi s tu re  capacity. In a mountain-
ous fo lded  region such t a l i k s  can be encountered only on swa mpy p l a t ea u s  and
h i ghlands or in the bottoms of valleys and on accumulative river terraces
composed of f ine -gra ined mater i a l.

T a l i ks  of the therma l subtype connected w i t h  the i n f l u e n c e  of the snow cover
can be widely encountered within the limits of both platform and of mountain-
ous folded regions. In p latform regions their distribution Is more restrained
and more often connected with the micro- or unesorelief and the character of
the vegetation. In a tundra zone- such taliks are connected with the transport
of snow which accu~uu 1ates under the steep sections of leeward slopes.

/
In mounta inous folded reg ions taliks of that subtype are confined also to lee-
ward steep and gentle slopes, where snow accumulates in a layer of up to 2 in
or more, arid the forming snow slides often lead to a sharp warming of the
underlying rocks, In mountainous folded regions the formation of therma l
taliks is connected with the presence of perennia l firn basins and glaciers.
In narrow gorges and valleys when the area of f ir n  basins and g l a c i e r s  is
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r e -m t ive-ly small , wat’-r flows f o r m  under  the l a t t e r  w h i c h  exclude- t he  f reez-
ing c-if the  under  ly ing r icks and  a r .. a reason for the format ion of ta I iks (if
th e  therma l and  o f te n  of the  r a d i a t i o n — i n f i l t r a t i o n  type .

Taliks of the  therma l sub type’ o f t e n  are enci’uitered in all the geostructural
regions on account of the formation of a looser snow cover an d  i t s  not c lose
adherence to the soil with the formation of cavities within the- sections of
underbrush and grassy  v e g e t a t i o n  which  have grown dur ing  the sufluner . The
taliks are- mainly n on - I  e r r n e - a t in g  and are  c h a r a c t e r i s t i c  m a i n l y  of leeward
s no w - d r i f t e d  sb 1 es , In  the  f i r s t  two f r o s t - t t - m c  i - r i t i j r e  zone-s  therma l
taliks connectcd with a thick snow cover 0.7-1.0 meter hig h are encountered
in all t h e  geostruc tural regions.

Taliks of the radiation -inf iltration subtype (see Table 45) a r e  encountered
within the limits of the f i r s t  fou r  zones  and , as a rare- exception , in the
fifth. Taliks of t ha t  subtype  are- very widespread within the limits of old
crystalline rock masses depr ived of a th ick mantLe of loose (luaternary depo-
sits. Often they are confined to flat water divides composed of fissured
crystalline rocks covered by a l ayer  of detrital eluvium . The 1 resence of
radiation -infiltration taliks in that case is linked with the warming influ-
ence of the ground waters and the infiltration of warm atmospheric precip i-
tations (see examples 20 and 37), The latter is noted mainly is reg ions with
large summer prec ip itations .

in  mounta inous folded regions such ta 1 iks are encountered on sect ions composed
of In t ru s ive and e f f u s i v e  bodies  of f r a c t u r e d  c r y s t a l l i n e  r ocks , and a l s o
within the limits of the outcropp ing on the surface of solid and semisolid
rocks of the  Pa l eozoj c  and Mesozoic .  In t ha t  case the taliks are linked with
the warming inf luence of fissure and fissure-strata l waters, in the case
wher e covering Quaternary deposits are represented by well-filter ing rock-
the fo rma t ion of t a l i ks  of that  subtyp e is  l inked a l so  with the inf iltr -~tion
of warm atmospher ic prec ipitations. In mounta inous folded regions such taliks
arc often encountered in the regions of f e e d i n g  of subsurface waters. Of
great importance in that are reg ions of tectonic dislocations and zones of
f r ac tur e.

T a l i k s  of the ’  r a d i a t i o n - i n f i l t r a t i o n  subtype are  encountered  in p l a t f o r m  re--
glons within the limits of the mantle of Quaternary deposits composed of
coarse , well-filtering formations , Often they arc confined to river valleys

and accumulative river terraces within the limits of ma i n l y  a r ive rbed  fad es .

/The propagation of taliks of the underwater-therma l type!. TalIks of this
type are widespread In all geostructura l regions and in all frost-temperature
zones (see Table 45).

Taliks of the shelf subtype are encountered on the coasts of northern seas
wi thin the l i m i ts of propagation of warm sea currents , at a water temperature
in the bottom layers of above 0 (class -- anhydr ous , ground-filtra tion and
infiltration , subclass therma l, type 1,~rnneatt:ig). Very often this subtype
of t a l i k  Is caused by the salin ity of sea water at a water temperature below
0 (class -- infiltration and pressurized-filtration , subclass -- cryohydro-
halinic , type -- permeating) .
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W i t h  In the  l i m i t s  of a s h e l f , esl e c i i l l y  in i t s  con -~t , i l  a r t , w h e n  1±1

dep th of the s e - i  doe s not -xci-ed the first 10 meters , at an  a v e r a g e  a n n u a l
t - nin t - r , i t u r e  a l) ’i Ve  0

0 
sea sona l f r e e z i n g  of t h e  b o t t o m  depos i t s  is  “ f t c - n  en-

c o u n t e r ed . T h i s  is connec ted  w i t h  l i - w e - r i n g  the -  tern ; e-r t u r  of the  s r i  i nc
water  to -2 ° in t h e  w i n t e r  p e r i o d .  As a r e s u l t  of t b - i t  t h e -  b o t t o m  de; “ s i t s
a l so  acquire a negative temperature’ and o ft e n  f r e e z e  a t  a depth  -f  severa l
t ens of cm . In the warm period of the -  ‘lear t h a t  l a y e r  thaws • U sua l ly on
those a r e a s  of the shelf a talik of the underwater tvr e, th ( sh e l f  subty; e- ,
is -ibserved ,

At average annual turn: eratures above 0
0 

such a talik can exist because -f
t h e -  h igh mine-r i 1 izat ion of the water in bot tomse t  beds . In  t h a t  c i  ~e , in the
warm er iod of the year , in the upj -r hor izon of those de; OS i ts  forms  a l aye r
with positive temp eratures , corresponding to the-- layer of seasona l thawing .
The absence of ice in the bottomset beds having a temperature be-low zero ,
when they have a c ’ir r e s p on d ing  comp osi t  ion , leads to  the r r e s e n c e  ‘f a wat er -
b e a r i n g  h o r i z o n  in the bottomset beds , wh ich creates conditions favorable bot (
f”r the feeding and for the  d i s c h a rg e  of the  s u b s u r fa c e  w a ter s .  -

Under the  c o n d i t i n n i .- of r eg ions  of the p l a t f o r m  t yj e on seacoasts , w i t h i n  the
l i m i t s  of the-  coas ta l 1-a r t  of the s h et f , the  mass of bottomset beds is corn-
In s e d  of loose m o r a i n e — l i k e  sediment s representing confining strata or f r -
mat  i ons f i l t e r i n g  ex t remely  o~i r l y ,  In t h a t  case t h e  t a l i k s  do r i - i t  h a v e
decisive importance In t h e  f e e d i n g  and  d ischarge  of subsu r face  w a t e r s , if
the bottomse-t beds consist of well -filt ering sediments of the-  t y c i e -  of n e a r -
mouth gravel-pebble-sand alluvium with a large thickness (for exami le , buried
mouths of large rivers: the Lena , Yenise-y, Ob’, ctc), such shelf taliks are
u s u a l l y  c lassed  as  g r o u n d - f i l t r a t i o n  and :ressurlzed filtration and , as a
rule , a n ,  r e g i o n s  of d i s c h a r g e  ‘~f f resh  s u b s u r f a c e  waters , and t h e r e f o r e  have
gr ea t hydrogeo log ica l m r  or t ance .

Under the- conditions of a mounta inous folded region , when the coast and coasta l
part of the shelf are cornj osed of pre-Quaternary solid rocks, the distribution
of the shel: taliks , as a ru le , is connected with the circulation of fissure
and stratum-fissure waters, Such taliks can be reg ions  if t he  d i s cha rge  -f
subsurface waters for the coasta l mass of rocks and regions of feeding dur ing
the infiltration of sea waters into the coasta l mass  of solid fractured rocks.
In the l a t t e r  case the  taliks usually are cryohydrohalinic and t h e  rocks
conip iising them often have a relatively low tempera ture (below 00) to a grea t
depth. An example of this is the region of Amderma , where on account of the
Infiltration of sa l ine’ sea water int o l ower - ly ing hor izons the  t emp era tu re
of the  ma sse - s  of cooled rocks, equa l to _ 50, extends to 200-300 meters.

All coasta l shelf taliks of the cryohydrohalinic subclass are cryopegs. Taliks
of the shelf subtype at an average annua l temperature of the rocks above 0
are encountered , as a rule , in the first three frost-temperature zones. At
a temperature below zero taliks of the cryohalinic subclass (cryopegs) are
conf ined mainly to frost-temperature zones IV and V.

Taliks of the’ sub-lake subtype are connected with the warming influence of
the la yer of ~~ te r and therefore are determined by the depth and width  of the
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bod y of w a t e r  and the ’  l e n g t h  of i t s  e x i s ten c e . By vir tue of that t h e -  cha r-
ac t e r  ‘if the- La Ilk , and a lso the  cond i t  ioas - - f  i t s  f-- nor a t  ion - and  t ha  l e n g t h
- i f  i t s  ex i st e -nc~ , are connected primaril y wi th the- gene-si : of  l a k e s  a rid th e--
g e o l o g i c a l  c o n dit  ions of t h e  region itself . Under the condit ions -- f p la t f -rm
reg ions ‘f a p lains character , water  d i v i d e  an d v a l i t i s u b - l a k e  t a l i k . should
be d i s t i n g u i s h e d . In the  f i r s t  case t he r e-  can be sub-lake taliks , confined
to closed negative forms of the relief of g l a c i e r  o r i g i n .  [ he b ot t ’ ,r n s e t  l i ed s
-f those lakes can be re-1 resented as m o r a i n e , s i l t y ,  n o n - f i l te r i n g  s e d i m e n t s
and as sandy, rubble-gravel mater ial. In the former cas’- the tallks , as a
rule - -, are therma l underwater taliks . Their hydrogeo bo gical im1 ortanc is
‘xtremely insignificant. In the latter case- the t~aIi ks , as a rule -, are ground-
fi1trati on ~ and infiltration taliks , often therma l , ~and have-  grea t hy dr i i g e - i -—
logica l importance in relat ion to both the feeding and discharge - of —ubsur-
f ace w a t e r s . ihat subtype of ta liks is azona l and can be encountered in any
frost-temperature zone.

~a ter s h e d  s u b - l a k e  t a l ik s  in regions of the p l a t f o r m  typ e- , es;~ -ci all y on l,ake-
alluvial watershed pl a ins , can form on account of the thawing  of syngene t i c
r e - op e n e d -v e i n  ices.  In tha t  case the e x i s t e n c e  of permeating tabiks under
l ake -s is connected with the dynamics of the development of those -  lakes .  Dur-
ing ra1 Id d i sp l acemen t  of those lakes  t h e r e -  can be n o n - p e r me a t i n g  t a l i k s  a n d
new formations of frozen rock masses on dried sections. By virtue of that ,
taliks are encountered not only under the lakes themselves but in the- coasta l
mass in the form of interfrost talik zones. Such taliks can serve as temporary
source-s for the feed ing of subsurface waters. A s a r u l e , they are widespread
In frost-temperature zones IV and V , where  r e -op ened -ve in  Ices are widely en-
countered.

Widespread in river valleys and on river terraces are - lakes of a l l u v i a l - ri~
g i n  (ox-bow l a k e s )  and the rmokars t  lakes  r e s u l t  ing f r o m  the  t h a w i n g  of r e -n ;  ened-
vein ices. The former are  s i m i l a r  in t h e i r  c h a r a c t e r  to  w a t e r s h e d  glacial
l akes  and  a re  c h a r a c t e r i z e d  m a i n l y  by the  cha rac te r  of the b o t t o r n s e - ’t beds
and their genesis . The latter also are ver y similar to the above-indIcated
tliermokarst lakes. Valle y sub-lake taliks are often re-gi -ni s of the feeding
and discharge of subsurface waters of a comp lex of alluvial deposits composing
riv er valleys. They can be connected with the regime of rivers and alluvia l
flows. Such tallks are- of especially grea t hydrog e-- i logica l im ~-or t ance  in t he
f i r s t  two f r o s t - t emp e r a t u r e  zones.  There -  the thermokarst lakes are often
connected with the thawing , not of reop ened-ve in , but of ep i g e n e-t i c  s t r a ta l
and schlie-ren ices, In that case the l akes are-- cha racterized by muddy sedi-
ments and the sub-lake ta l lks have no substantial hydrogeologlca l importance.

In mounta inous folded regions , lakes are connected with negative forms of the
relief and are characterized by the ’  l eng th  of t h e i r  exis tence. T h e i r  bott ’ms
usually are composed either of well-filter ing loose formations or of solid
fractured rocks. Therefore they be-Icing to the c lass  of i n f i l t r a t i n g  t a l i k s
,and are of great hydrogeolog ica l importance.

Sub-riverbed taliks are connected with the warming effect of riverbed waters
and therefore are encountered only where there are sufficient depth and w i d t h
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of the  c han n e l  ( s e e -  s e c t i o n  5, Ch~-ai ter 5). D u r i n g t he  long e x i s t e n c e - i f  a
r i verbed  in ,a s i n g l e -  p l~ace , perme a t i n g  t a l i k s  fo r m . Dur ing  f r equ e n t  s h i f t
of the r i v e rb e d , non -;-ermea t in g t a l i k s  f o r m.  In  t h i s  way t h e -  occur re-nce -  an d

n - - n  ~a g a t  ion if t , a  1 iks  in t h e  bot tom of a v a l l e y  depends on the  h i st iry  raf t h e
d c - v a  Iop ment  of the  r i ver .  In  regions  of n e g a t i v e  neo tec ton ic  movement s , where-
there  is a process  of sed i m e n t a t i o n  a r id  wj d c  r i v e r  v a l l e y s  of l a r g e  r ive r s  a r e
not ed , sh i f t i n g  of t he  r i v e r b e d , the  formation of meanders  and r e i -r ” cess  ing
of t h e  r iver a l l u vj e n n  a re  t r a c e d . T a l i k s  of the st n h - r i v e r b e d  subty;  e in t h a t
case  have a comLlex  b e d d i n g , ar e r a r e l y  covered by new f o rm a t i - -n s  of ; erma-
f r o z e -n  rock masses, are connected wi th  alluvial f l o w  and a re  regions i f  sub-
a q u e o u s  f e e d i n g  an d d i s c h a r g e  of s u b s u r f a c e  w a t e r s , These t a l  iks  a re -  -azona I
and are encountered in all five frost-temperature zones. The i n d i c a t e d  sub-
r iverbed t a l i k s  u s u a l l y  are connected with large and medium -sized rivers
m a i n l y  in r e g i o n s  of a p l at f o r m  typ e.

In mount,a inous folded reg ions , especially where deep e r o s i o n  is n o t e d  in con-
n e c t i o n  w i t h  a b u l g i n g  up of t h e  t e r r i t o r y ,  a c c u m u l a t i v e  de~~- i s i t s , as  a r u l e ,
are absent and sub-r  iverbed ta 1 j k s  fo rm in so l id  f r a c t u r e d  r”cks  • [he r iver
v a l l eys in tha t case o f t e n  co in c i d e  w i t h  the  zones of fractures , character ized
by we l l—developed fissures and shatter zones wh ich assure the infiltration of
surface waters and ascending flows of subsurface waters. Such taliks are re-
gior.s of feeding and discharge and are of great hydrogeol --g ical im1 o r t , n r c a

The propagation of taliks of the water-therma l type. In hlatf -irm reg ii - n
water-therma l taliks (see ‘I,able 45) are abundant in river valleys in sand-
;e-bbl e deposits mainly within the limits of the first three fr- st-temi e-r,ature
zones . On watersheds  such t a l i k s  are  connected w i t h  the wa r m i n g  i n f l u e n c e - -  of
;ressur ized subfrosta l waters in zones of tectonic jointing .

W i t h i n  the  l i m i t s  of the  s1-read of c r y s t a l l i n e  rocks  t~a l i k s  of t ha t  ty 1 e- ,are
connected with fissure and stratal— fissure waters. They are least abundant
in the  f i r s t  three  zones .

In mountainous folded reg ions water-therma l t a l i k s  a re  connected w i t h  a l l
v a r i e t i e s  of subsur face  w a ter s , both ground and ;-ressurlzed strata l and
stra tal-fissure , and especially with ascending therma l waters . In each con-
crete case the class and subclass of a talik is determined by the concrete
frost and hydrogeolog ica l situation ,

In any frost-temperature zones and ge-ostructura l regions the taliks of the
water- therma l type under cons idera t ion  are  connected wi th  c ,an c r e t e  hea t  ex-
change through the warming i n f luence  of s u b s u r f a c e  wa te r s .  By v i r t u e  of tha t
the reg ime of a t a l i k  is essent ially determined by the therma l and hydro-
dynamic reg ime of the subsurface waters. Therefore taliks connected with the
warm ing influence of subsurface waters undergo very grea t changes in the
course of a year. ‘b ilks connected with pressurized subfrosta l stratal-fissure
and strata l -pore waters are stable. Taliks connected with fissure and stratal-
fiss ure waters have within the limits of crystalline masses a different char-
acter. When they ar e covered ,~-iy a confining stratum they g ive rise to a reg ime
of taliks similar to taliks of artesian basins. When they are connected with
fissure and stratal-fissur e water s not covered by a confining stratum , they
are similar to taliks resulting from the warming influence of ground waters.
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A l l  t ha t  has been s a id  t e s t  if  ic-s t h a t  ds~r i ng  t h e - i  e- xami ri at i ’ir r of regular it ies
in the -  fornu t ion if ta 1 iks the inf  1u -nrc e  of ve ry  y r  j ed f , a c t o r s  shou ld  be

a x a m i n e d  corn 1 l e x l y ,  as a f un c t  ion if d i s t i n c t i v e -  f e a t u r e - s  - - f  each l an d s c a ; e
t y; e r f  th e -  la ’c , a I i t y .  Hence- ‘n e c.a rn ’  - t  g ive a s i n g  be s t a n d  rd r icedure  f- -n
c a l c u la t i n g  t h e  con d i t  i n s  of or i g i r s a t  ion and exi t ence of ta I iks .  In  e ach
s~ e-ci flc case I t  15 lie c e - s s a r y  to  s t u d y  in d e t a i l  t h e -  i n f l u e n c e -  of the vari-’u s
f , a c t o r s  and  t h e i r  i n t e r a c t  io~ and on t h e -  basis of that comp i l e  a scheme of
ca b c u l , a  t i - ’n s  a ft e r  d e t e r m i n i n g  the typ e’ of ta 1 ik and the  n r  inc i ; a 1 f ac t o r s

an t i c  i ;ia t ing  in i t s  forma t ion .

BIBLIOGRAP HY

1, D o s t i - v a l o v , B. N ,, and K u d r y a v t s e v , V . A. “Obshcheye m c - r z l o t i i v e - n i- n i y e .”
I z d — v o  MGU , 1967 .

2 , K a l ab i n , A. I . “Vechna ya m e r z lo t a  I g i d r o g e o l o gi ya Severo-Vos toka  SSSR”
Permafrost and Ilydrogeology of the Northeastern Par t  of the U SSR 3 .
“I rrid y \N I I— l ,“ V o l 18, Magadan , 1960.

3. Carsl ow, C., and Yeager , D. “Ie~ loprovodnost ’ tverdykh tel ” [Therma l
Conductivity of Solids~~. Moscow, Nauka , 1964.

4. Redozubov , D. V. %e-nterinicheskiy metod issledovaniya tolshch merzlykh
;o rod ” L Ge othe r ma l Method of I n v e s t i g a t i n g  Frozen Rock M , i s -e s ] .  Mi s-
cow , Nauka , 1966 .

5. Rom anovski y ,  N .  N . “T a l i k s  In Permafrost Regions and a Scheme of T h e i r
Classification, ” VESTNIK MOSKOVSKOGO IJNIVERSITETA , SERIYA GEOLOGICIIE-
SKAYA , 1972 , N i  1.

6. Idem , “[he Zonation and Regiona l Conf inement of Taliks,” “Tezisy do-
kladov Vsesoyuznogo soveshcheniya po merzlotovedeniyu 1970 g.” Izd-vo

~~ U, 1970,

7. Chizh ov , A. B. “Estimating the Influence of S u b s u rf a c e  W a t e r s  in t h e
Depth ri f P e r m a f r o s t , ” In: “Merz l itnyye issledovaniya ,” No 10. Izd-vo

~t ;t , 1970 .

8, Idem . “Ques t ions  i f  the  Formation of Sub-lake Taliks of the Yano-
Indigirskaya Lowland and Adjacent Territories .” Ibi d., No 12. Izd-vo
l4~U, 1972.

9, Shvetsov , ~~. F. “Zakonomernosti gidrogeotermicheskikh protsessov na
Kraynem Severe i Severo-Vostoke SSSR ” [Regularities of Hydre-ageotherma l
Processes in the Far North and the Northeastern Part of the USSR]. Mos-
cow , Nauka , 1968.

345



Char ter 8. R e g u l a r i t i e s  In t h e  F o r m a t i o n  and P r e d i c t i o n  if the -  Deve lo ; rn aen t
of G e ’i c r y o l - - g i c a l  Processes and Phenomena

Geocryolog ica 1 (cr- i - -ge-n i c )  h e -n i ’rn e - -na  a r e  connected w i t h  d i s t i n c t  lye f e a t u r e s
of the-  ~a c c u m u I , a t i  i ra f Qu a t e - r n a r y  ~~d iments , d i s t  inct ive f e a t u r e s  of season-
a I and er e -n n  [ a l  f r  e - i. Ing and t h aw i n g  - i f rocks , the change- of their moisture
a nd t erT~~e r , a t u r e -  r eg ime - s  a n n u a l l y  and perennially , and also the regime of sur-
face and s u b s u r f a c e  w at e r s  ~a c t i n g  b- th  round the  year and s e as o n a l l y .  [h e - re -- -
fore in ana lyz ing the regul ar it ies in the devel”pme-’nt of ge cryolog [c a l  (cry-
ogenic) ;rocesses and ,nh e - -n amena it is necessary to use as a basis the-- above-
considered regular it ies i nn the format isa of seasonally fr-azen and ;-erma fr- i~ en
rock masses.

1. R e g u la r i t i e s  in the Development and the P r e d i c t i o n  of H e a v i n g  of So i l s

/ C o n n e- ct  ion of the recess of the h e a v in g  of so i l s  w i t h  the m a i n  c h a r a c t e r -
i s t i c s  of n a t u r a l  c o n d i t i o n s/ .  In genera l the heav ing  of s o i l s  depends on
their compiisit Ion arid - tructure , aqueous r:raiperties , the moisture and tem-
perature regimes and also the conditions of freez ing. By the latter is under-
stood the system in which the freezing proceeds (open or clo5ed), the front
of f r e e z i n g  and th~ r a t e , the velocity of freezing . In an open s’,’stem the
freez i ng of t he  ground Is accompanied by an inflow of m o i s t u r e  toward  the
front of freez ing from lower-lying thawed or unfrozen layers; in a closed
system , freezing proceeds without an inflow of moisture from outside toward
the front i f  freezing .

The process of heav ing  in sandy and loamy soils proceeds under quite differ-
ent conditions .. In an open system sands do not heave;  in a c losed , they heave
If their moisture content is equa l or close to the absolute moisture capacity.

The amount of heaving  of sands is de te rmined  by the thic krae ss of the  f r e e z i n g
layer of water-saturated sand. The de-; endence of the amount  of heav ing  on
the r a t e  of f r e e z i n g  is determined by the  I n f l u e n c e  of the rate of freez ing
on the depth of freez ing.

In loamy soils dur ing their freezing in an open system the heaving reaches
a maximum un der corresponding condit ions, In a closed system , only  b arns
wi th a small amount of swelling heave if their moisture content is greater
than that of the’ threshold of heaving . The m o i s t u r e  content  of the t h r e sho ld
of heaving is determined by the minimum of ice crystals forming on the f r o n t
at the given rate of freezing which is necessary for disruption i f  the i n i t i a l
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d e n s i ty  i - f  t h ~ sk e l e t o n  of t h~ g r a n d . Theref- re it is - h - t  e rin i n e d  h y th-
ailiji-O US r i m  e - r t i e - i f  t h e  r e-ks and t h  t e-rr r ~ er a t u r -  c - - r a d j t  ions a a f l  the ,ur—

f a c e  -i f t h e -  s o i l .  V . A. Kudryav t s ev  r op a-i - e d t he  f o l l o w i n g  f o r m u l a  f i r
d e te r m i n i ng  t h e  m o i s t u r e -  con t e n t  of th - threshold i -f h e a v i n g  w

~~~1 ( i~~7 l ) :
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a a 
is t h e  absolute water capacity; n is a coeff [cii at

s-rich de-i ends on t h ,  c i~ t~ in - na t -  1 ch~a r a c t e r  i f  the  cb  i m a t e - . Ih e  va lu ,- - ‘if ri

ire -- r e - - ; - - n t e d  in T a b l e -  65 ,an d are se lec ted  -i~~ a funct ion - i f the- value of t’-e

a i r 1 itude of f l u c t u a t  ia- in of t c r11; & - r a t u r a - s  on the  s u r f a c e  of te~e ground  A .

al ~ le- 65 C ,a lu e  of t i e -  c - e - f  C ic l e n t n in t - -r rn u  I a  ( 4 , 1 • I)

- r 
:

1 1

- 

in C -  0 ’  0.7

[he m o i s t u r e con ten t  of the threshold of heaving diff~ rs greatly from the
a b s o lu t e  m o i s t u r e  c a n i a c i t y  i f  the gr- - w a d , and t h e  d i f f e r e n c e  he t e e - - e r r
the-rn is all the - -  g rea te r  the lower the  r a t a - - ’f  f r e e - z ing . I he  d e 1- e - n d e - r r c c- of
the moi sture c e - n ate - rat of the  t h r e s h o l d  aif heaving on t i e- r a t e  of fr e ez  [ n a g  has
th e -  result that loamy soils wj t h  d i f f e r e n t m o i s t u r e -  c i - r a t e - : n t ~ can have  ai r
[dent ic~a 1 n e - b a t  ive amount  of heav ing  if t h e i r  r a t e s  - - t ~ free-z ing ,are . d [ft re at .
[ h e - r e f - i r e  under  t h e  c o n d i t i o n s  of a m a r i t i m e -  cl [mate , it a r~ la t ive-ly low
m o i s t u r e  con ten t  ‘f the  ground , the  r e l a t  lye amount  - - C  he iv  ing r e a c h e s  la rge
v a l u e s  • t a n l e - r  c --n t thenit a 1 cond it ions such an amount  of heavi nag is - i h s e r v a - d
when t h e - r e  Is cons 1der~ably gre- - ter rn -i isture (so i is i t  i d e - n a t  ica a 1 c’inra a is it  l i s a
ir a- considered),

A character istic regularity of the  r”cess  of h e a v i n g  of l i a m y  S0~~L s  a Iso is
t i e -  f a c t  tha t , other  c o n d i t i o n s  be ing  e-qu a 1 , the - amount  if h e a v i n g  dc- a ends
on tha rate of freezing , determined by the  ave rage  annua I t em ; e r a t  ur  t and
the amplitude of a r r n u a  1 f luctuat ions of teniijerature A on t h e  s u r f a c e  o~ t h e
s o i l .  The i n f l u e n c e  if d i f f e r e n t  n a t u r a l  fac to r s  on f- i eaving can be estimated
by determining their influence on t , A 

- 
and w. ‘taxinwa I heaving is noted at

va ~es of t cI ’’- ;e-- ti 0°, and at nt& ima
1l de 1 th s  of seasona l f r e e z i n g  (t’- a w i n g ) .

In tha t  cas~ the hea t cyc le - s  in the -  s o i l s  r e - a d a m a x i m a l  va lues but  the  r a t e s
of fr e - ez  ing s t i l l  r e m a i n  low.  At  average a n n u a l  t e -m i - er a t u r e  a b ’v e -  and be low
zer”  the amoun t  of h e a v i n g  de --c re , a ses, other  c o n d i t i o n s  b e i n g  e q u a l .

Dur ing  change f the  c o n t i n e n t a l  character  of the - c l i m a t e -  the  f o l l o w i n g  regu-
l a r i t y  is noted in heaving . With increa se of A , th a t  Is , with increase of
the- continental charac ter , the hea t cyc le s  a n d  depth of S and of the rocks
Increase. SlmuIta aea iu a ly with that the r , a t - of f r e - e i i n g  increases.  [he-re-
f r i  in loamy soils , in which the heaving Is inversely a r i ’n - o r t i o n a , a  1 to the
rate of freezing , during incre ase of A the  heav ing  de c r e a s e s  in sp i te  of
iracre -,ise of 

~~~
. In t h i s  t h e  snow ca ’v ~ r is of grea t importance. Increase

of the  heigh t of the snow 1,-a r i a ,  t i- i increase  it t
a a  

and decrease of A (- i ra the
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a n r f a c e - - -t  t h ~ n a - i l ) ,  dec r e- ,a se  - i f  t h e  de-- 1 t h s ’ - ~ s ’ - a s o n a l 1 r a-a- ~. ing - -C the -
s o i l s  and  [ i n c r e a s e -  - - C  1 d c - n - t b  a t  t h e i r  s e - a~~on, a l t h a w i n g  ( -e- s c -c t i a 3 ,
Ch i n t e - r  5 ) .  In  t - , c,a - - e  of s e- a sa in a  1 fr uz a : a g  t he  r at e  of in I cr e - a - ,e - - f  i t s
l e a  t h iri ii ‘4 iOt e-r ~~ c l - - e l  a n i l e - n  sr i -  i~~~

- w i l l  h e -  c- ‘ns [di r ab l ’ j  smca 11cr than  ‘in
s nl- ~~~le  ss ~~e C t  ions .  [h i s  l e , a d s  to t i -  - ‘ s s ib i l  i t y  of a g r e - st a r i n f l o w  of
m e i s t ur ,  t a n d  t h e  Cr  nt  of I n ,  -~~in g 00 seC t ions b a r e  i t  -~nn --s- , t o w a rd  t h e
f -  n - ni t ion - - I  l an i - - - ~~ i c e -  h e -f  - r e  h e a v i n g  -f t h e  s o i l .  I n  t h e  presence- if a
s a t , a — h e a r i n g  b n - ’ r i z a m n  l y i n g  in t h e -  r a n g e  ot  I ir  2 n e t  e-~

- s li e 1 - i w  t h e  b a s e --  if
~e la yer  - - C  - - - c a  soon I f r i  e -~ log , t h~ 1st low of m o i s t u r e t - w a r d  t h e  f r - - n t  i n —

cr ~ -~ ses c -ns i d e - r a b l y  and t h e  h e a v i n g  c a n  ; a t t a  in a g re a t ~ -r va l ’Je - .  I r r e g u l a r -
it v of : re-ez ing , - f t e n  1 mak e- - I  w i t h  a h e i g h t  of the - snow ce-ver irregu bar over
t c are --a , le - ‘Os to the- t --rnu t i--na 01 - - a m e n  ckn -- C he-say inag .

in  ~ x S inning the — j o t  hu e oce- -f t h e - - s a n e - s  ce -v e - r on the-  heaving ‘if gt- --u nd it is
ne -ce - s- a n y to t e -  ke-- Lit i c - - n a  i d e  r~~ ion that increase cif the  s w he- i g h t  leads

1 a -a n l y  to d c - c r e a s e  or  t h e  r a t  c~n - o f free-i ing bu t  a l so  to a r e - du c t  ion of t i n e
i n ; a - ~ , ,  1 hea t cvc l~ n, in the- ~ e - l  1 - - .  Th ea la t te r  I s  e-x r e - n  e d  in a ce;-t - -  in r e d u c —
t i - a ~ I t he- d - :  th  of C r c - a z in i g  and , cen se- qu e at  ly ,  a r e -d u c t  [in in the-  t i - t m 1

m e -n t  - - t  h e - v i n g  in c - i nn ; , ,r i s o n  w i t h  s’ c t i , i ; r s  w i t h  a small sna ’- w c -ve -r .

In  a r eg i n a of sea sona l t h a w i n g  the -  w i n t e r  f r e e z i n g  - - t  d i sp e r sed  s o i l s  is
- - f t e - n a  , a c c - - r n r - , a n r  ted by h e a v i n g ,  a s t b - i n k s  t - - tOe- r e - s e  nic ( 01. 0 f r o z e n  c - sf i n i ng
1 e - d  the ir n a t u r a l m o i st u r e  C - - n a t e  a t  u s u a l l y  ex c e e d s  tha t of t i e -  t h n e s b - - l d  of
h e a v i n g  and - a n - n  r -  - a che - s  th e -  , a b s olu t e  m o i s t u r e Ca; ac i t  y .  l)u r ing  fr e e - i  La g  - ‘ C
t ’n e  laye-r of surr iner thawing tine regime of t I -  water- , ab a -ye t he f r a a s t  changes
ubst e - n a t  ia I by .  D u r i n g  i r r e g u l a r  f r i - e z  ing  On se--i a r,at e ,e I i a s  t h e  l ay er - - it

w , a t  & - r s  above t l a e -  f r o st  c~an f r e e z e -  ca irn ; l e -t e  l v , on account  -f which downward
a long t i n e -  maave rnen t  of t h e  f l o w  f r o m  t h e - l ace  i - f  Ir e  z ing the-  i n t e n s i t y  i - C
the h c~a v in g  a rocesses  d i m i n a i s i n e s  ah ar a ly a a r  th ey  u - i c- - ra in  I e - t e l ’i  ~a b s e n r t ,

I n  sa andy  soi is in  the  I a -icr if seas ” Tn a  1 tIn- - w ing , Our ing the  f r e e - i  ing of w a t e r s
.abo ve t h e -  f r  n t [cc 1 e n m n , c - s fo r m  li ar- -ug h t h e -  m a t  low i m f  w a t e r  ,a long the s I - i n

and t h e ir he~ad d u r i r c~ i r r egu lar  f r e - -~~z [ n a g .  Those- l e -~~ se - s  f irm u n d e r g r o u n d  ice
c o a t i n g s , wh ich a re  am x mined  in t h e -  se-c i nd ar t  of t h i s  sect  ion.

I t  is obvious  Ih~~t w i l l -  decre- ,e-se of t i n e  t h i c k n e s s  i f t i - i c-  Laye r  of sun~ner thaw-
ing the  amount  of h e av i n g  of r - ’cks  d e c r e a s e - s . l i e - r e t  ‘- r e  i nn  f r o~~t - t e r n n  e- r a t u r e
z ” i r e - s  IV a n d  V the  amount of he~a v i i i g  is ext remely s ma l l  even in w a t e r - s a t u r a -
ted s o i l s .

l i n e -  i n f l u e n c e-  i - f  t h e  j 1~ a n a t  e v e r ‘an h e a v i n g  sh ou ld  be examined in  c o n n e c t i o n
w i t h  t h e -  i n f l u e n c e’  if t h a t  f a c t o r  on t he  t e mp e r at u r e  regime of the  rocks (see
sec t ion  4 of Chap te r  5) and l b  ir m o l - t u r e  c e - n a t e - n t .  As m d  [cat . i i i  a l a ’ve - , t h e
plant cover leads  t i  reduct  ion of the’ amp l i t ud a s  f t he  annua l f l u c t u a t  i - - a n n
‘a t  t emp erature  on the- s u r f a c e - - C  t he  ground ,an d t i re-duct [ ‘ na it  the  de-~ t i n  and
rate-s of sea sona l freezing and t h a w i n g . As ,a result ‘f tha t i n f l u e n c e , more
f a v ’ i r a b l a -  cond i t  i - - n a n  a n -  created fair thi - de -v e- l - ’1 ni n e - rat i t  the- l i r e - c e - s w  - ‘ I  heav-
in g ,  wh ich is ii 1 : ’  in t e ns i f  ied b en caus e  t h e-’ l i n t  cover r - ’t e c t s  t he  s o i l
aga inst  de s i cca t i on. l l a e -  m o i s t u r e’ c - n a t e - - n t  of r icks b e lc a w a p l a n t  layer , as

a rile-, i5  h igher  t han  on se-c t lor i s  bare ’ of v e - g e t a t i - - a a . S i m i l a r l y  to the-  sn ow
and p l ant covers , a l l  the ’  rct~ i l n in g  fa c t o r s  ‘- 1 t ine - -  na tura l environment  ( the
r a d i a t  ion—the - - r i f t  1 b a l a n c e , stec; rne -ss and  v xj - o su r - of t h e -  s l a i n c’s , etc ) have an
i n f l u e n c e  on tl a - development if th e J -rncess  cit h e a v i n g .
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i t f ,i ll a -s’- , fr i- i nn a l l  that has lie- c - n aid t h , a t  i n n  a frost a nt .’ y with ir n tne -

1 [mit s - -f t i l e  d i  St ir igu I h ea d m i c r a - r e - g i o a r s , b airn ,  - ge-rae - -u- , i i i  g ea i  log ica 1 and  ge-rae--—
ic c -ia~ lexe s and  t~n a _ -s  a i f  e1e~~’s i t s , it is necessa ry  - dist ingu ish -a c t  i ris , •

e ach ,if w h i c h  L ch ar~ac te- r i,ae-d by hona agenne- it y  - -t I n c  coma e-s it ion - - C  t h a  rocks
in t h e  l a t e r - - f  seasona l t h a w i n g  and free-i ing ( i n c l u d i n g  the -  la t e r  of seasona l
t h a w i n g  a n d  f r e e - ,’ in g under a r ir  e l  m e - -, r o ad -r  o t her  coniflUflica t i o n s ) ,  d e f i n i t e ’
interv:i ls ‘f che-ng e  - - C  t h e i r  a q u e o u s  ron e -rt ia - s (~, t~ w~ h ~and  [a r e - — w i n t e r
n a t u r a l m o i s t u r e -  c on t en t , t i n e I’ m a ;  e - i o a t u r e  r e g i m e -  0:; ~~~ sur~ ace  t h e -  s o i l
and  dea f  m u t e  r eg imes  and c o n d i t i a i r a s  - - C  occurrence - - C  g r i i u n d  w , a t € n r s .  ~~i t l n
fo rmu la (h . I • I) we ale-Ic m ari n e the- m o i s t u r e -  c-’ntent of the- threshold of h e a v i n g
( w ) ari d in a coml ia r ison w i t h  the  n at u r n i  1 (a re-winter ) mi-i isture contest of

the s o i l s  and w i t  Ia c -ins ide ra t  i - r n of then depth -f occur rence’  of the  g rou n d
w a t e r s , sect Ions  of tile deve I - i a  ru ne - n i t  ‘f h e a v i n g  (w —

~ - 
) and n- ri—heaving

(w ~ ~
) soils are- distinguished (the- system of fre-ez~~u g  also is taken into

a lcc i iu nV in tha t case).  The  v a l u e -  of w is calculated i-in the basis c f t i r e
a v e r a g e  a n n u a l  v a l u e s  of t an d A . F~~F grounds classed as n o n -h e -~a v l n g  i t
is necess~ary I - a  m ake an  ad~~it ja m al calculation for t i l e -  ci  irn~a t  ica I I i.’ most un-
f a v o r a b le -  years  -- a warm winter , aa m m ima I a mp l i t u d e  of the  a ir  t e m a  er a t u r e -n l
and  a U rge snow cover .

When a t e r r i t o r y  is c p ene -d  ua there  are  changes  in t i r e -  n a t u r a l s i t u a t  ion wh ich
involve-  changes of t h e  teSiri era ture  ar - id m o i s t u r e  r eg imes  of ale : o s it s ,  There-
fo re  in f ’ar e c a s t i r - ug t he  ca lcu l a t i o n s  if t he  h e a v i ng  of s o i l s  mua t be- made w i t h
c-ins  idera t ion of t e a  variable - - te-rnr~ ci a t u r e  reg ime and  m o i s t u r e -  co n t en t  • On
a ma; and 1r - i f i l e s  one must  note --  the  sections of development of heaving soils ,
s e c t i o n s  on wh ich  t h e  heaving  of s o i l s  is p o s s i b l e  i r a  s e a - a r a t e  u n f av e -r , a b l e
years , and sections on wh ich after development of t he  t e r r i t - - r y  the s o i l s  w i l l
go over into the category of heaving soils.

Ihe amourit of heaving should be calculat ed with the method resented iii se-c-

t ion 1~~, C i a a a  t en  3, The s t a r t i n g  P a r a m e t e r s  must corn s  ide ’r the  i n f l u e n ce  t
all natur - 1 f a c t o r s  in t h e i r  i n t e r a c t i o n.  A l i s t  ‘‘C th i- se ia rann ne -t era; and
c o n d i t i o n s  includes: the- aqueous n a  a-rties of the- soils -- t u e  initial
moisture content over the- profile , the absolute m o i s t u r e  c ap a c i t y ,  the l i m i t s
of p lasticity, the content of u n f r o z e n  water in the range- ‘f t ern; e - r a t u r e s ,
t h e a  c o e f f i c i e n t  of therma l and m o is t u re c o n d u c t i v i t y ,  the ’  te - nn~ e ra tu rc -  r eg ime
of the depaisits, the coefficient of therma l c o n d u c t i v it y  and  the  s~ e- c i f i c
hea t of the  ground in the -  thawed and  frozen states and e-t i t s  s k e l e t o n , t h e
de-~ th if t 1 ae -  seasona l t h a w i n g , t i ae  poss ibilty of d i s c o n n e c t i n g  the  l ay e r  of
winter freezing from the surface of permafrozen racks , the depth i f  occurrence
f the water-bearing horizon , the t ime’ of I t o  ex i s tence  and  the r a t e -  of i t s

exh a ustion , Some exampies of then c a l c u l a t i o n s  a rc  presented In s ec t ion  3 ,
Chapter 9. in a d d i t i o n , the 1irn babi  I I t y  of develop ment  and an  ai r ’’x ilnate--
est j r n n . a t e  of the amount  i f  g round heav ing  can be d e t e r m i ne d  w i t h  t i r e  1 o l l o w i n g
ca l cu la t  log Ir e -ced u r e .

D e t e r m i n a t i o n  of the  P r ob a b i li t y  of Develol na e-n’at ‘if h eaving and I t s  Poss ib le
Am ount  (Example 43)

1-°-r exam! le , in the process of a frost survey the- following data were obtained.
The investigated section with a high flood p lain is composed of alluvial ica a rns
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Figure 111. Diagram of w ~~ a
function of temperature for loam.

(a[-~ 1
) with a density of 1.1 g/cm

3
, the natura l moisture content of which

in ‘ the  1 , -icr ‘f n ae a s iw na a l f r e e z i n g  in t h e  au tum n ( b e t - - r e - -  the s t a r t  of
freez ing) varies from 18 to 35~1; ground wa te r s  are absen t .  The term eratur,
reg ime on the s u r f a c e  of the s o i l  is cha rac te r ized by :  t = 0. 5° and A =

14 , and the -  average tempera ture on the surface of the ~ round dur ing °the
w i n t e r  s e-r in d  (t ) is -8°. The data of l a b o rat o r y  d e t e r m i n a t i o n s  ‘if theo-wtr;r o ~ e r tie s  of loam are as fo l lows : w = 39h and w = 20h (w is t u e  mo i s tu re

un b b
content on the- boundary of rolling); at w 20-25%, A f 1.2 and a t  w 35% ,

1.3 kcal/(m )(degree )(hr); the amount of u n f r o z e n  w a t e r  in loam as a
f~ nction of the  nega t iv~ temperature v a r i es  according  t” the diagram (Figure
111); C = 0.18 k c a l / On  )(degree), It is required to determine the sections
with th~ greatest probability of development of ground heaving and calculate
the amount of heaving.

S o l u t io n . I. To contour the sect ions in which the  process of heav ing  devel-
ops dur ing  f r e e z i n g  we ca l cu l a t e  the m o i s t u r e -  contant  of the t h r e sho ld  of
heaving of loam (w ) with formula (8.1,1) in  accordance w i t h  the  rate of
freezing character~ sNc of the given temperature regim -’ of the surface of the
so i l.  According to Table 65 the coefficient n is equa l to 0.5; at t
— -8°, w — 6.0% 

o-wtr
un

• n~~1 0 ~~ - - ~~ ~T -

-, - ()~~ ~~~~~ i~ ) - 21

Consequently, wi thin the limits of the investigated section under natura l
conditions heaving will occur everywhere where the moisture content of the
loam exceeds 21%.

2. To distinguish within the section areas with a different degree of mani-
f e s t a tio n  of heaving we calculate its value in b arns with moisture contents
of 25 and 35%. To do that we use the formula nfl V. 0. Orlov (1970):

r~ (o h - I , ~ R(: i/ ~1 )  (S . ~0)

V. —
~ 

‘- ni~
I ’~M (I D ) 1 °‘~ ; -1 . o ’ 1K ,U ,1 e-’~

; (-‘ ( I  3)

B -- I ,O~ -~~- ;
10

c (n. n.~p ) 2 
lS , l 5
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is t i ’ -  si -c c  i f  ic g r a v i t y  of t i n e  sk e l et o n  c - f  the  tha wed ground (g/
1 is the - specific gravity of water (g/cc); h is the dea~ th of the

seasona l f r~ e z i : a g  ‘f th e -  ground (cm) ;  w i - ~ t h e -  au tumn m ’i i s t u r e  c o n t e n t  of the ’
thawed ground w i t h i n  the  l im i t s  of the freezing layer , in f r a c t i o n s  of u n i t y
( w i t h  c o n s i d e rat i o n  of v a r i a t i o n  in the  process of u s e) ;  Wb ~ the moisture
c o n t e n t  on t he  b o u n d a r y  ca f r o l l i n g  ( in  f r a c t i o n s  of u n i t y ) ;  K ( t  ) and
K (t  ) are  cor rec t ion  f a c tor s  t aken  In accordance ’ w i t h  T a b l e - -  66 ’s ras a func-

the- ave rage  w i n t e r  a i r  t e m p e r a t u r e  (t ir ~ 
(equated t o  the  Ic-rca; e - - r a t n r r e

of f r e ez i n g  of the  g round )  and the t emp e r atu r e  (t ) a t  w h i c h  t h e  movement - a f
moisture in the ground ceases; r’~ is a correction f~ ctor take-n in accordance
with Table- 66 as a function of the  t~~~e of ground and t ~ 1 

is the p las-
tici ty number . 

g p

3. We determine the depth of the seasonal freezing of loam with moisture -
contents of 25 and 35/- at t - = t = 0. 5°; A 14

0 0

a , Fo5 loam w i t h  w = 25% in accordance with (4.1.8) and (A .I.6) Q = 16 ,720
kcal/m ; C

f 
= 370 kcal/(m )(degree), )e 1.2 kcal/(m )(de-gre-e-)(hP). ,\cciard-

ing to the nomograms (Figures 17 and l9fwe find that 
~ w= 157 

= 2.1 f 1. 2 = 2.3 m,

b. For loam with w = 35/- correspoadingly Q~ 
= 25 ,520 kcal/m

3
; C 42 4

kcal/(m )(degree) and >%
f 

1.3 kcal/(in)(degr~ e)(hr) . With the sa~Ie nomograms

we find that ,~ — 1.7 ~/l,3~~ 2.0 m~w 35/.

4. We find the amount of heaving dur ing freezing of loam with moisture con-
tent s of 25 and 35%. In tha t case- we assume-- that for the given ground t =
= -2.5°; from the condition of the problem to -8°. From Table 66 we f~ nd
that ~~ 5; with (8,1,4) we f i n d  that

B 1~~ ; - i  ~~~~~~~ u _ au .

a ,  For loam with w — 25% we- find with (8.1.5) and (8.1.3)

(~ I ~~ • i I i ) - ( , ,  - ‘/ 1) Pa
~a)

i 2- 1) ~7 - 20 1( 1 .

In accordance with the’ obtained Initia l data with (8,1.2) we f ind that

h L l . ’.i (0 a i i i  - ~~- ii u I - 1 ,2; - -

h , ) ‘
~ 

u . n  a ,  - i I

b. For loam with w — 35% we find accordingly that

n ) ~0i
2 

,
-

~ ~ ~ ; - - o h ; - 10) 2i; u :1, 33 037 - 2a) 2- 11;

,, 

u - a ) 

- ( (I) -3 - u n  - 11 ,2 - 

.:, 
- - 52 -I a~~ m

H — ‘ I ,~, a - I I

As so we obtain the answer that the amount of heaving of b arns with a moisture
content of 257. at the given temperature regime on the surface and depth of
seasona l freezing (2.6 meters) is 21.6 meters , and the heaving of b arns with
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l a b l e  66 \‘, a lu 3 s  of indices and coefficients in formula (s.l.2) according
to V. 0. flrlaav (1970)

- — - -  
—

a-M n- . - 
- - h ~~- 

— - - —

a- j ; - - ’ -  T - m . i,I - . ~~ 11 H r  I -

a H 

— 

a ‘~~l L 0  I )  ) a)
- -~~ 

- 
‘ 

-. 
2~1) ~~~~~~~ 

- -

I 

— 

‘ I) a a
a a - -~~ a - I -   

•~~‘~ - - 
- ‘ .~ u ) ’ ~~~~~~ 

-

~ 

-

~ 

- -

a r )  a ~~~~~~~~ ~_ a )~ 0 ,a n a~~~(ji ~~ 0 a ~~~0r i ~~ 10  ‘~~~~~ ‘~~~ 

— -

Fa aa - a - , , . I ~ ~~~ 

— 

i n ’ i5~ 0’’ 0 i,T,~ 0,’

Key:  A - T ype - of ground B - Plasticity number w
1 

C - Temperature t ,
D - Value of E - Values of K (t ) ~ and K (t ) g

C a i r  c g
1 - Ligh t sandy loam 2 - S i l ty sand y loam 3 - Light loam
4 - Ligh t s i l ty loam 5 - H eavy loam 6 - H eavy s i l ty loam
7 - Clay
Note 1. For intermediate va lues of the temperature the value of the

in d ica tors is obta ined  by interpolation.
Note 2. The va lue of the coefficients K Is determined at temperatures

of 0.5 t and 0.5 t • 
C

g 0

a moisture content of 35% at the same temperature regime and a corresponding
depth of f reezing ~2 m) reaches 52.3 cm. The relative amount of heaving in
the second case is larger than in the first by 30.7 cm.

/Regularit ies of the formation and predict ing the development of hummocks of
heaving !. Under the natura l conditions of the reg ion of propagation of per-
nufrozen rocks and deep seasona l freezing the processes of heaving can lead
to the formation of huninocks of heaving.

The forma tion of hummocks of heaving involves processes of water migration
during freezing and the accumula t ion  of Ice, The loca l accumulatIon of ice
can occur : 1) by the formation and accumulation of segregation Ice as a result
of moisture migration under the inf luenoe of the temperature gradient and
moisture content and 2) by the movement of water under the effect of the
h y d r r s t a t ic pressure develop ing in closed sys tems  dur ing  t h e i r  freezing. Thus
form huninocks on the basis of the accumu lation of injection ice,

We w i l l  examine f i r st , on the basis of the first of those processes, the for-
inatlon of peat hummocks which are widespread in a region of permafros t ,
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I t  is known t h a t  ; - e -at and  moss c a a n t a i n  a l a rg e - -  amount  of m o i s t u r e  and  so the-
a. rii~

, 1 c on d u c t  I v i t y  of frozen i - e a a  t is considerably greater than that (if
t h a w e d  i eat  and It is m o r e  strongly cooled in winter than i t  is warmed in sum-
near. As a result of t h a t , in it f orms a t empera tu re  s h i f t  wh ich  o f t e n  reaches
2 or rn i ’r • A large  amount  -- f s ’ a l . a r  r a d i a t  ion on swamp y sect ions is expended
on the ev ,a1 ‘rat i -- i a - i f m o i s t u r e - -  f rom the  sur face - -  of moss and peat , which a lso
l ead s  to a reduction of the temperature of the latter as compared with se-c-
tiaa n5 caimposed from the surface of mineral soil. Wha t has been said above is
sh iiwrl schematically on Figure 112.

—

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Figure 112 . Course of the Isotherms
‘/T / / -‘-2/ ~~

‘
~~~~~~
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~~~~~~~~~~

-‘- and the  d i r e c t i o n  of water migrationt- V - - -‘ 
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//. ~~/ ‘-/ / 

I’
\ 

-
~~~~~

.- in the suimner under the area of moist
I’ / ~-;‘-2- - ’--Y/ ‘\~~~ 

pea t or moss (1) and on loamy soil (2).
/ ~~~~ ~~~//~~~~ ~~~~~

‘1nlstur e present in the ground will as a result of therma l diffusion migrate
in the direction of the hea t flux and accumu late main ly in a frozen rock mass
extended above the surface , determined by the isotherm 00.

If a hummock or system of hummocks has heaved slightly , then in subsequent
years their further growth is facilitated and intensified because the snow
is blown off them and accumulates In the lows between the hummocks. This
assures more intensive cooling of the ap ices of the hummocks and weaker cool-
ing of the lows between them. In the summer the lows are warmed more strongly
t h a n  the ap ices , since water which accumulates substant ia l amounts of heat
is accumulated  ia them , As a result of that the Isotherm s under the hummocks
bend more sharply, the mi gration of moisture under them is intensIfied and
their growth is accelerated . The course of the isotherms and heat fluxes
under a system af hummocks of m i g r a t i o n  heav ing  is dep icted on Fi gure 113.

Figure 113. Disp osition of isotherms and direction of moisture
migr ation under peat hummocks in summer,

When the hummocks are suffIciently high , processes which weaken their growth
start to develop. The upper parts of the hummocks become less moist , moss
ceases to grow on them, the peat is uncovered and dries, and often cracks
as a result of contraction of its volume or as a result of the bulging out
by ice from inside . The surface of the ice lenses is revealed , they thaw
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out and the hummock subsides. At times tha t bulging out of t he  ro ck by a
forming lens of ice attains grea t force-- and can lea d to destructive conse-
quences.

h ummocks of migration heaving usually achieve- a height of 1.5-2 meters and
o f t e n  go beyond the range of 4 meters. iheir diameters are very varied . On
pea t bogs comI lex sys tems of hummocks fo rm , st- p~i r at e ’d  by cha ad s. Such
formations usually are called hulrnMocky peat bogs.

Accord ing  to the observa t ions of A. I .  Po; i-v in W e s t e r n  S ibe r i a  ~Pnpov , 1957)
the natural moisture content of loam under  a i-ea t bog reached 35-80/-, wherea s
beyond its limits on the periphery it did not exceed 15-20/-. This fact con-
firms the ~.resence of the above-described a rocess of moisture migration under
r e - a t  bogs.  Peat bogs with h unnnocks of migr ation heaving a r e  encountered more
often in high-temperature peripheral zones of regions of permafrost south of

the  zone of underground  ve in  ices. They a r e -  very g r e a t l y  develo ;  cd in the
Euro; can N o r t h  of t h e  USSR and in Western Siberia , and less developed in the
eastern regions of Siberia . North of t h a t  zone the  deve lopment  of hunun ocky
peat bogs is complicated by the formation In them of system of vein ices and
accompanying processes. The formation of migration hummocks of heaving often
is observed also in mineral soils. Usually they are confined to the Le-riphery
of t he bands  o’u. runoff and the margina l part of lake basins and swamrs. The
m a i n  conditions of their formation are irregularity of freezing and the u re-
se-lice of thawed masses of water-saturated rocks, from which moisture migration
t oward  the f r o n t  of f r e e z i n g  proceeds. I t  is precisely for this reaaon tha t
minera l hummocks of heaving develop on the  m a r g i n a l part  of taliks , on sec-
tions with nonconverging frost.

The second type of hummocks of heaving consists of hummocks forming as a re--
sul t of the accumulation of Injection ice under the conditions of freezing
‘if large closed systen~~. The mechanism of formation of such hummocks , ca l l ed
“bulgunnya khl” in the USSR (Yakutiya) and hydrolaccoliths (at the suggestion
of L’vov , 1916 and Tolstikhin , 1932), and in America “pingo”, can be described
as follows.

If above a permafrozen rock mass there is a body of water with a relatively
small basin of thawing under It, then when such a talik freezes a mass of
thawed soil and water enclosed on all sides (a closed system) usually forms.
The pressure in that system during freez ing of the talik rapidly increases
to very high values , Under the Influence of tha t pressure the water and the
wate r - s a tu ra t ed  ground a r e - -  squeezed a t  the  weakest point ,if such a system ,
where they e leva te  the ice In to  the upper layer  of f rozen  ground , f o r m i n g  a
h~ntii1ock (Figure 114). Later that hummock freezes and in it form lenses or
layers of injection ice. If the process of heaving ends there and in summer
there are thawing of the ice and subsidence of the heaved surface , such hum-
mocks are called seasona l hummocks of heaving. But the process can recur
in the course of a number of years and lead to the development of perennia l
hummocks of heaving which reach a height of 8-12 meters (Figure 115). The
maximal he ight and rate of growth of bulgunnyakh i can be calculated as fol-
lows.
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- - -
~~- - - -r U i  e- in t a / S  in d u r  i n a ~ f ree - i  t a n g  m d

- - - 
- 

- - - s q u e e z i n g  ‘ u t  of t a a , , w e d  a n d  f r a i e r i  gr - -u an d
upw ard  at a weak p a i n t , l e a d i n g  t- - the  f - - r —
nut  i - - a n  of a b u l gu n n yak h .

~iii -
FIgure 115. hlurmnock of heaving .

Determination -f the Dimensions of a Perennial lunniock of H e a v i n g  and the
Dynamics of Its Gr’-wt1 (Exa mp le- 44)

In l i n e -  love-st Igated regIon , in con nec t i i a n a  with the dry ing “f t he rm okars t
lakes and the- new formation aaf ;iernu {rasr c-n rocks , it is necessary t a  d e - t  e-r-
mi n e the possible maxima l volum e of a p e - - r e - nn i a l hummock of heaving and the
dynamics ‘if its growth. The fri st conditia ’ias ~re characterized by the fol-

0 0 -lowing da t a :  t = — 11 ; A 23 ; z 0.4 in; ~ 0.22 g/cc. ihe
a ir a ir sn sn

d q~os i t s  w i t h i n  the  l izn lt e  of th~ s u b - l a k e  t a l i k  cons i s t  of a water-saturated
sandy loam with A

k 
1450 kg/cin~ , w — 30/- , the  p o r o s i t y  n 0.46 ; 1.3

kcal/(m)(9egree )(hr); Q~ — 35 ,000 k c a l /m
3
. The ~ar ea  of the s u b - l a k e  t a l ik

1 1500 m and the dept~i of the b a s i n  of thawing at the n~ ment if d ry ing  u;
caf the lake and the start of freezing of the rocks attains 20 meters .
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Solut i n n . 1, We calculate t h e  volume of w a t e r  (V ) c’’nta m e d  in t h e  ta 1 ik.
Since the ~o1ume ‘if the ground in the basin a - f tha~~ing i~ 1500 in2 x 20 m

30 ,000 m and the  p or o s i t y  is 0.46 , then

- 0) ~ JO - ( ) . -
~~ a I 7 ~n a)

2. We c a l c u l a t e-  the -  to ta l inc rease -  of vo lume a - f  the g round  ( A V )  d u r i n g  th e-
cam lete freezing of a t,allk on account of increase of t h e  v i lUifl e of the water
wh i c h  has  be-come ice :

t~~ l - l ~- ) 0 . h i -  1.~n) /-~ h a

a ~ I , 1 /- (n 12 - 13 ~~ 0 -~ -~

3. it has be -i-in established by observations that during the- freezing i -f a
talik , side by side-- with the formation of a hunniock of heaving there is a
swelling -f th e- surface (hydrotherma l movement) rather uniform in area . The
height of the u;lift i- f the surface is 7 cm on the average. We calcul,ate- the-
increase- in volume of the- ground corresponding to it:

a ) . ) J ~ / I f l a,,o -

a~ we- find the maximally possible volume of the -  hummock ( V )  d u r i n g  c i , m - l e t e -
freezing of tocks in the basin of thawing :

\ 1 •
~ 

l’ i o ,  I :12 - 10.~ 1 ) 37 ~~~

If the area - i f the base is 120 ~~ then , obviously, the heIght of the hummoc k
~a f  h eav ing  w i l l  be at least 9,4 meters.

5. For an approximate estimation of the dynamics of growth of a perennia l
h usirnock of heav ing it is possible to use the approximate Stefan formula
(3,7.7). Since in accordance with that formula the depth of freezing is
pairtiona l to /~ , then, consequently, the increase of volume of the fri-z en
ground will also be proportiona l to J~~, and , ci i rre-s ; iiodlngly, the growth of
the hummock will follow that regularity.

We f ind the depth of freezing of the talik after 10, 50 and 100 years. The
average annua l temperature on the surface of the deposits in the p ir iod of
freezing is:~~\t — 23 X 0.2 13 5°, t -11 + 5 = -6 • I hen in accorda nce
with (3.7.7): 

sn 0

a 
t j l ~a~~~ aj 

~, ~
- c a I 1 }/ ~ ¶ ) a ) ~

l!
~ ~~ 

- I -  ~ 0) 13 ,0 a.

In accordance with the- depth of freezing the increase of volume of the ground
will occur ; in the fIrst 10 years the increase will be:

h ;T0)fl ~, 1-0 , ;a -- ,~ - ;~~ 1~ a .  

a / i - )  7) 7 a ,
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I f -f t h , a t  ~- - a l u m e -  a b o u t  7~ if t h e -  t t -  I i aac r -~e v -ilu n ae - w i l l  he -  ‘ a -  e d  f r
s e e  I li aag a- f t h e  - u r l ac a  ~. r t i c  - i t  i r  a r , - ,, a i f  t i n e I - - u k , t I I  l o l l - w i n g  v - i l —
U rn ,  w i l l  l a c -  r - u i n - a h t - r gra  w th  of t h e - -  annan i l o ck

A t  in a r e a  ‘f t In ,- ha ,asi --1 t J ne h i n a ! n ’ I - , c k  of ) I )  m , in 10 ‘,‘e , a r s  it s  i 1e - j ga t w i l l
r i -c O 1. 8 las t e-r s .  In 50 ‘ n - n a r a ,  it w ill grai~ - to be 2 . 2 5  t imes  as l, n a ~~ , OR)

in 100 “ c ars 3.15 t imes .

I O u  ro;---sed ; a kt h -d of c s t i T t k l t  ing Ii, d y n a m i c s  - i t  gt e-tO of a ;e- - r - -ia 1 h um-
moc k 1-~ - i :  t a x i m a t i - , as in t i ’  calcul a t ions su ha -tan t i - n i a s sum;  t i - a l a s  a r e - -  r n , d e - -,
in 1-art icular , l fl i -i t ’arc m i gr. t ion t - -e- -~ rd t b -  t r a i t  of f r c - s i i a a g  is  t iP- .-
i nt a i  c - in s  i 7~ r a t  i a  - - • h --e -iv c r , t h a t  r a n t h o d  can li e , used ia n a frost -u r v e - - ; f - -

a n a a r - - x i m :a t  e re--clict ~~
-

l3ulgtaananv akh i a r - w ide - - sn r i - a d  in C i a a t r n  1 Y~a k u t i ya , in ‘‘n a l a s y ’’ — —  d 1 r a  -si o n -~
wO ic ’ a f o r m  d u r i n g  t O ’  t ) a ~a w i n g  a - f  t h i c k  r e - - a  cu e - n j — y e  in ice-s  • I )n - -y a r also
wid e -sn read in the a a irt a a orn a a r t  of Ii E u r a - a  ~~a L n  part caf t J~ USSR and  W e - s t e - r a n
Sib e _ ria , in the h - i r t h e - - r n n  Ur Is , Za b a v i - a n i l ’ ’,’ - • th~ - iu irt ’ av ast - ran art - - f t h i n
USSR and h - - r t h  A u a n e r  ica

I n j - - ct  I -  a n  o n e — v ar  -~- n n n : -  cl-a -, of h i v i n g  are f o r m e d  by w a t e r s  or~ t i - a  a _ f  f r i - s t .
A nice s s a r v  c o n d i t  inn  i f  t i i a  ir  f o rm a t  i - - a n  is i r r -  ~i n 1 a r i t y  of t he  f rc ez  ing of
a wi t er -bea r  ing s e a s o n a l l y  t h a w i n g  l a  yer , as a r e s u l t  of w h i c h  in  t h e -  f o r m i n g
closed s~-ace t h e  w a t e r s  an t i -a of the frost cr c -ate a head during further
freezing a - f  t ’ tc l ay e r . As a r e - s u i t  a a f  t h e  intraidu ct lai n - i f w at er u n d e r  a r e s s —
u r e -  h ummocks f - - m i w i t h  an i c a -  h I n s  C o l i s i - - . t h a g  - i f  u a i 0 -r g r ou n d  ice- . l 1 ie n ’ s—
sibi l it . ’ -f the L o r n n t a t i o n  an d  t h e  a l a n - - t a i n t  - ‘ l  t h e  ande rg r - - a a u n d  i ce  ar c- d i t ’. rm i n e d ,
b sides the indicated reasons , by the -  c - m m  - - s i t  ion ‘f the - -  soils ira the l a v ~~r
of seasona l free--i ing an d  thawing , their filtration a r- ia i-rt Us , ,- i i ad  th regime
and d y n a m i c s  if the waters on to ;-  of the  l ir a i st .

H e a v i n g  wh ich ,a n - a en a r s  s i i na le t  inca ;  on r o ads , a i r  s t r  in - - - and c o n s t r u c t i o n  s ite s
r e - a  r e s e n t s  t h e -  fa rnret i o t a  fo r  the most a r t  aif s e a s a i n a a l  humno cks  of n n i g r a t  h o r n
and i n j e c t  ion i ’m 1g m . They a re  a ib se rv ed  both in t i n - , zone of e r m a f r o st  and
in r i g  i ’ i n a a ,  - -t deep se ;a sou aa  I f re e - i  l u n g ,  r i - y e - a n t  ing and comba t t j og them n r c
im ; - -r t a n t  r i  he-m s of crag j a n e - c r  ha g  ge- -i c r ’ !’ - logy.

/ l - r - ’c e a s e - - s of ha, av log in d i f f e r e n t  f r o s t — t e n a n ;  e , r a t u r e  zone s and ge o s t r u c t un a 1
r a - g i o n s / ,  F - a r  l a t  i t u d I n a ~a 1 zones t i n e  nn~a x i n n a 1 de; ths if seasona l fr e e - i  j og and
t h a w i n g  a re  noted  n e-~ar  the southe rn  b o u n d a r y  of er an ~a f r a i s t  • S i i u t i n  and  a n a a r t h
- - t it t t a a , - , e ,  a l a - ;  lOs d in i i n i s h , arad the  ther in~i 1 cyc l e-s  in t h e  l a ye r  of s e - a s a ~~ia 1
f rccz  ing and t h a w i n g  behave in a cor resp onding  m an n e r ,  Ihe- m i n i m a l r at ~~s of
f r e & a z ing ( t h a w i n g )  are-- noted nea r the sou thern  b ound ary  of t h e - -  e’r n u f r m - s t
region . S - a u t h  and n o r t h  of it t i n - n - c  r a t e s  inc rease  sham ly .  A l l  t h is  t e - -
t If ie-s to more f a v o rab l e  ca ina d  i t  i-are f a i r  the -  d c -y e- I  ‘ ‘a me --n it (if heaving , a 11
other condit j a a a a  b e i n g  a- i ~u a~i 1 , nea r the-- southern boundary of purnta fra st in
b - t i i  t ~a -  re--gi i a a a a t  seasonal f r i - c - i  ing and t J a e -  reg inn aa f senasoina I thaw lang.
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I n  i r a n - i t  i m a n a l aand - a mi—transit ’ i a uual t n i  i-S - f Se~aa , i i  I r a -a zia ;g and thawing

( t  f r  n 0 t - - ~~?
‘ ) t he aJax ima 1 ala- ’ -unt s - if ae-~n’ , log ar  a n i - i t  ed , wh j c~; re ac h

— 20 and eve- li 50 cm. n character ist ic c-a r~ a l ma  u r n - i c r  t O  ‘ - c ~ cond i t  i- is is
the- dive h o; me a nt - f r - i ce sse-- s a: he v i  ag dur i ng  t h e -  c a n t  i r e  w i t ’  r • Often - the-

in:t e --n s ity -f i n c aving cl e. S n i t  o n l y  n - - t  a l a - c r e a s e  but  it  c-v a an I : ; c r e -  a5e5 in the-

sa n a g .  10’. nhaxhnalal t o t a l  ,am a-nan t a i f  h e a v i n g ,  as a r u l e , is  c o n f i n e d  I - i  t h - _

ala n r t h i r d  01 the- 1 a ’icr  of sea , a e - a l  f r e e z i n g  ( t J a i - z i : ~~ ), ~ it in t he  l i m i t s
- i f the- f i r s t  tv- - fr- -s t —te - n a n i n a  zones , lia r :  c i na u nge - -. -- f t” e a i r  t ern: e r a —

ur e- -  a n d  e - s n a e C  ia I ly  w a r m i n g s  arc i-f a i r y  o re -n a t la ura - a r t , a n l c e . I l i e -  m a t t e r  lead
o 5ub -tant ia 1 it c rc -a  s of t h e  t ’. aura c r turc grad ie - : :t  s in t’ a ’ i. ,‘e r of seasona l
r~~e z ia - ag and L a -  a sOar : d e c r e a s e - ’  ‘if t h e -  t r e e - i  log r~a t e ~,, As a r e s u l t , f a v ’ ’r —

ab l e -  c o n d i t  i - n ;  s u r e  c re t ed  f o r  the f - - r i a ~ a t  ion of ice  sch l  i - r e - n  and  t i e  growth
-I h i  ,a~’ ing .

I~. is -lmvi - -us that during se--jsa ’m, a 1 f r i  c i  h ag  t h a t  e f f e c t  is i :n t e n s  i f ie d  f r - a m
a n rth t s - - ut i ’ and  e ’e a k en s  w i t h i n  t h a -  1 i u : n i t s  if perukafrost fr-- ri south to n - ’r t a .
‘~ i th  i n n  t h e  l i m i t s  ‘f f r  -~~t —Ic nur~ m a t u r e  z -  -uae - - s IV and V it 1:, a lmos t  c--ma 1 ’ te - - ly
eXC ljded . W ith ju t the limits ‘f a l l  frost—tern : erature- i-- at e -s of a d i f f e - r e - : i t
k i nd  -f c- -ve ,r (a l a na t ~ara d snow) , as  ,a r u l e , they  caan t r  ibu te-  to the  f orn ~at  j~~
of sc 5 1 i e r e an  ice -  dur  i r a g  the - f ree- i  ing -f the gra-und and t h e  d e - v e l a :  m e - a n t  of
heav ing.  [h i s  f a c t -  -r is of es; c c  h a l  l i  g r a . a t  jaa~ - ‘rtance within L l n e  l i m i t s  of
a: read - i f  t r a n s i t  j - i n n , a l  and s e m i — t r a n s i t  i - a n n a  I ty:  es - i t  -, e , - a s o n a I f r e e . z ira g and
t : ,a~~ia ;g of r i cks ,

The f - mn: ~~t ion -f ice schl  ie~~e un  a nd  t h e  d i f f e r,  a n t  i a t  i - n  of m o i s t u r e  in the
l a y e r  of se- ,a sona  1 free- -a lug and t)a~aw ing lead t the ,t r u c t u r  iz hag of the- so i l s
a n d  th i  ir d i - ; ;  ir s  i - - a n ,

A ;ub st~a n n t  i a l  d i f f e r e a . c e -  ira the  h e a v i n g  -f s o i l s  is u t - - t e d  in d i f f e r a  nt c l i —
ni t ic i ’ m n a e s ~ ~he -  n a a . a x i n ~a 1 r;a I - - a - i f  f r et - i  ing h a r e -  ch a ra c t e r i s t i c  of r e g i o n s
w i th a shar; ly  c o t  i n a e u n t , a  1 c l i m a t e , and m i n i m a  1 f a r  mar  it inc c ai ~a at  s , whe re -
the c - - n a t  i a n e - u a t a  1 char a c t e r  -f t h e -  c l i m a t e  i~ m i n i m a  I . lie-cause of this , in
sn i t e -  ‘if t he  dee : e m  f r ee - i  ing ira r e g i o n s  w i t h  a sham ly c on t i n e - n t , a  1 ci  h irki te-
and srrLj 11 dc-; ths In r e g i a a a i s  w i t h  a marit ime c l i m a t e , the  a m o u n t  of heaving
has  a reverse  dc-; cash - ace -  in r e - l a t  i- - a n  t - depth . l O i s  is connec ted  w i t h  t he
r n - - r e  t r c q a .n e - a a t recurre-uce- -a f warnairags and t h a w i u n g s  un der  the  c o n d i t ion s  -i f a
m ar  ii ime ci imate than ‘if a slau r : lv coot m e-nato 1.

Of gre-at im1 - - r t ance -  iu ~ L ine f- ’nnrk at ion of h e - a v i n g s  is the  c ’ n r a - i i s i t  1 - an of the
soils and their moisture regime. With re-sr ect to the first f act- a r it should
be a;a id tha t it ma inly is az o i a  1 and cainanec t ed with dist i nc t  ive fe - a  t u r e s  of
t h e -  geo1og ic~a l and g e n e t i c  c a arn ’  Ic -xe-s and  t y  es ‘f r o c k : , W i th i n  t i n e -  r a a n g e -
of sp re-ad of t h i c k  rock masses i- f C e n oz o i c  ci ~its , c a a n s i a t  ing ‘f c - - -’rse-
gra m e d  material (grovel-;-ebble- de -n os its -a nd san ds ‘f different p~art i d e
s i z e - a ) of a 1 luv i~a 1, lak e -— na 1 luvi na 1 , f luv og l a . Ia 1 and mar inc gi- -aes is he-avings ,

a rule , arc ~ab a e n t  • W i t h i n  the  l i m i t s  of developm ~ nt m a t  finely dispersed
r”ck of ~alluv ial , deIuv i~a 1 , c-luvl,i l and glacier genesis heavings can be en-
countered everywhere- in t i n e  presence- of a c a i r r a - a l  - n~~l in ig moi lure regime -,

Side by side - wi th geolog ica l fara d genetic fi-~atures , t i n e -  C- - r a n ;  a s i t  i - u a  of rocks
a iso hat ; a curt~a In dependence on latitudin a l zonal m u .  It is ge -rae -rally kan e-an
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th a t  s i l t”  so i l s  a r t  s; e c i f i c  f - n  a a errnu~af rai st an- g i a r n n a i a d  a l so  . a r e - -  r , v l a r a l
i: a a n -rthe n - an reg ions of the-  r e - g i - - : a  ‘f s e - - n a s o n n a l  f n e  c - i i u a g .  I b i s  is d - - r n n a e c t e - d
v i t a di~- a t inactive f e -~a t t a r e - : ,  of : r ,ce-s:;e~s a- f w a- .at ha r i n a g  d u r i ng  r a m u l t  1: l - _ f r e e z ing
a n d  thawing if soils . S i l t y  s o i l s , as a rule -, arc- cin0r acta- n i zed ba’ a
C - c  f a i c i e - - a t  f ~~~ a- n at al and ma~ i :,tur a candu n t i c i l y and the ref a-r a , a l l  -

c-and i t ions lie - lang c-qua 1, h a v e -  more - h eav i n g .  In re-lot ion t e-  1a , ran- - i s t u ir e  me -  —

gime it should be- said that str ongly nun - - is l e - n a t it soils ar ’ . very vida . . - . r d  on
the a l .a i r i s  t er r  i t  - -r ic-- s - - f  ;~ 

latf irm re - -g iaa ar s . ~he re - f- re- c me - I i i , r -c ’ . s of
lie a v in t g can h a -  -a r e ad -- v~-r gm - c t  o re - i s. W i t’ in the- limit s -f rugge-d terra i:-

Ira uaa-  - S a n t o  i Si. folded reg ioaas th e Ii i g t a e - r  m o i s t u r e  Cainiteuat of r cks in en ;c- urn —
an- at 1 - - c a l  ly where- dra iut. age - f t h e  s o i l s  i. difficult. With i a the I l ua lit s

-
~~~~ t~ ne-- s;re ad of old cri tall lane - mn ’a s see c-inc-re , as a rule- , c- n - r a e—gm -’ i: c-d
e luc  ium ar id de 1ca~’ ium is deve- l i : ed , a nc,tv ing is na lrna ’st n a t  cunc- -unt cre- ‘1 a t  a 11.
Ora i - Ct  ions c - a v e - r e d  w i t h  f in e l y  d i n ;  ersc-d iu,atern;ary de; .asits of glacial r
a r t y  t i er ge - :aes  is , t ’ a e - da - ve i : m a c a n t  a t  i~e a v i rag will be- determined by tine
mo i t  aa r e -  reg ime- if t i -a - s e- de: as its.

2. R e g u l a r  I t i e s  ia n the -  F or m a t i o n  and  P r e d i c t i o n  of the I)~ va - 1 - ;  m e - a n t  -f I ce  B o d i e s

Ice- bodies i t he  name usua i l y  g ive - na to n m  i a o n t ~a 1 Ua ,’e-r~, of ic e -  f -  - r u : n c d  c l anm ing
the free-i lug of w~a t e  r wh i c h  has f l iv e-it  - i u t  u n d e r  1r e - s u r e -  ‘ r n  tine surface if
r i v e r Ice ,and the adjacent a r t  of a v a l l e y , .as a r- s u i t  i f  fncc zi na g if tine-
riverbed , ,am ad a lso the intnaiduct i - - r n uund cr re--secure and t he  f r e e z i n g  - i f  w a t e r
t a c t w e - e u a  l ay crs a - f  r i ck ( u n d e r g r o u n d  ice bodies). Ice bod ic -- s f -m u :a  ta- U - . in tO’.
re g i a  a of dcv i  1 - - . rae n i t -i f 0e-rnufr --st .unal beyond it, limits under L a ’ .  conditions
of a co at ju a e a , t n l  ci  i t l ia t e . Ice- bodies are ch i r a ct emi ze - it by differ ent form ;nd
d h a n e - - a a -  ions .

On U - c - b a s 1~ Oj g c ! a ~ - n ; is ice bod ic-s  are -- di5t irigui .-~
1 ned w h i c h  ,ire  f - - r a a a e d :

a ) fr--ia t ’ ne surface w a t e r s  of rivers , Or -- - -0:, an d Lal-a e,-

b) f r o m  a a u , -ia r g r - a u n a d  W u t a  rs -- waters of t h e -  l a ’ ,’, .r  ai f  sea so;aa l t h a w i n g  .and
the  ground waters of thawed zones , th e wat e  r of a l  luv l a  I cairre -ants car a ct e - r
c h a r a n e i s  (

~ e -r inw - , , L  ing and  i- ‘n - ; . e-rme~a t i n g  to 1 i k  ) anad -eater of d i e :  sub—
f r o5 t~a i  and i n t e r t r - - - .t a l  c i r c u l a t i o n;

C)  from rani xc-rI tee-ding sources (surface-- and subsurface water ). Such ice
bodies are very wide - sar i -ad.

Ice- bodie-~~ - - f - u r f - c c - -  w a t e r s  faarm as ,a r e - - s u i t  of w i n t e r  I r a - c - - i ing of the c r - as
sect i - u n  - a t  t h~ c u r r en t  ;an d , in ca-on e-ct m a  wit h th,at , incre ase of t !ae - -  hydro-
dynamic m - sure i f  t h e -  w , at  em , which  leads to  di a ru ; tia m na - i f  t he  coot i r i u i t y  -f
t i e -  ice c -a v e r  and the  i ,u t  I l ow  a f  w a t e r  on the s u r f a c e  a - f  t i n e -  ice .

Ice bodies -f s u b s u r f ace -  w - a t  c-ms n a r e  foranaed: 1) at t h e -  j U ic e - a  of emergence of
s t e a dy : , u b a e r  i a l  soua- c - -  - ; 2 )  a t  the  ;- l , a ce s  a - f  e - n a a e  r gencu  of s teady s u i a a a j u e - i - u s
so ia r c a  a,  Above -  and  l i e - l o w  the  sources o f t e n  t he re  ,a r c  spaces of a a j en w a t e r
wh i c h  d a a  r an t  f r i a e a e  d u r i n g  t h e - i- ra t  i re - -r a la r g ’ .  n - . a r t  - a t  t he -  w i n t e r ; 3) dur lug
the c-am ; rc-n,s ion -1  the cross sect li- ia of t h e  f 1 - - v  ni ground water s ( m c  lud lan g
the ub-channel) as a r -n .ult i i i  the wh at a r  free-i i ng  - if rocks , t in - - acquis it ion

359



— —‘~~~~~~~ ._ .-- .~~~ —.. - —-- -

I

‘f ra , - : ,n a re 1”,’ U c wa te  r s  , t h e i r  bu r t  ing  t i u r -  ug i n t i n e  :.e-~i sa -naa 1 ly f r - -i c-n a i a -i cr
sand  t h e i r  f l a y ’  - - ant on tire surt ac a • litta C- : u ~,r e s s i a a n  a t  t f l a w  -f g r - i n m a a d
w a t e r s  c a n  lii c a a - ; e-d by i-Rh , r n a t u r a l f a c t  - u  - r  t i n e , - j a n t a r n - , n t  i n f l  i f  a l a m o .

Oaa t i ne, b a s i s  - f  n c R  au t I n ’ .  r e l i e f  ice- bodies  a r e  ‘ n u i a ath ’’ j d , it Into w i t  c r —
it , c - m n a n a i t i : n O  th e -  baa ;e if si , : c . , t c rr a c  , a le - tn i t a l C-  1’. , - - f  r a v i n e - .,

f I -  - - - i t — a  I .  ha , r I V e  r b  it , s c a r :  s amid a r t i f i c i a l  work hag - -

On t he  h a . a s  is - ‘ 1 their beddinag ice i a o c l l e ~ are divided into t h r s , e  on t h e-  ground
and  hai r ic - c l  ( s ub s u r f a c e) , and -f i’ ’ ’. I l a n n e  - if f a a r n r t a t iota i n t o  co a t e - a m  - m nry na iad
ol d ( n : i : a e - r a I ) .

Ihe ane -chn ,ani smnn ia f f a a r m a t i a n n  of unadergruaund ice- bandies has gra-at  similarit ‘ ,‘

a, - i t ’ : t l n n t  f i nj  c--ct i - a n n  I a c n a a m : a -  cks - a f  he- , a v in ag —— bu lgunnya  kh i e-r a ’ ,’dr -  - lu cc - -1  ith.s

On th e  b a s i s  ‘f i e n g t  - - a t  e x i s t e r a c a — ice h o d i e  ar e  d i v i d e d  i a n ’. --  se asona l
(f a r m i n g  in w i a at er  and  e x i s t  ing ;a r t  - i f tin- summer), surainler in g (t  - n m i : a g  in
c-int er and l a - .t in g  t - - the  e- ua d of sumn er ) ar id  a en  u a n l a  i (‘‘t ar’ ’:ny ”). I n e~~c r e .
gigantic ice b o d i e s  e -n i coun te r e d  in t a ’ .  aa irt he ,a ste -ru n , n r t  of Y~a k u t l y . a  amid
f - r n : in g  in c-j a i l e r  d ue - to em e r g e - l a c e - s  i a  tine :;‘arf,ce - i f  U r g e  - d is c h a r g e  sou r c e s
unde r  a. a ’. c i a u a d i t i o n s  m a t  an es:-e-cin I ly  shar : c r a l a t i n i e - n a t a  I ci inn a te - .  In  ur in e r
th e-- ’ t 1n aw a Si a  a C a r t  l a  1 ly.

Ice b a d  lea ; have d i f f c n c  t at er j ods of f -raa r at ion s S- anni e ice bodies aCe f- m an e - cl
c- mar: l e t  a Iv , a t  tia .. s t a r t  of w i n t e r , and  a ’t h e r s  ar e  f- rrne . d in the middle , a a , d
e v e - an a t  t I n e  e and - -I w h a t  Cr , l a  the a er  i - - i t  i f  maximall y a l e - c - :  n ’h a t e r  f r e e - i  a a g .
A t h i r d  a r e  formed ion t I n e  cou r - -,e -if t h e  cut ir~ c m l  en~

he; c - a i d i n g  oai t l ~ a d i scha rge-  -f L O C  a ’ ’u r C ’ .  - , t h e -  mar ;  biologica l -~~ ni n a - i - a r c  - - f the

ice- s ec t  i - a n and t i n e -  f r - na t condit i - m a n s  on t h e  a d j a c e n t  t i - r r i t a i m y  of t h e  n a r ’ .  - i

occu : led  b y t he  ice -  bod ic -s  , t h e- v o l n a a a a e - : :  of ice-  of I is. Ice baad  i c - -s ( I ,a t a l e  Ia 7)
re a iso d I f f a  r e - a n t .

l abie- 67 Class  if jcit ion of ici- bad ics by a r c - , a a m i d by vailum e - of the Ic-

• Ta - C I)
a’

a a ‘a _ , _~~, _  i . :  - ,
~ 

I - ‘ -
, 

- - -C - - -‘ m l  - 1 -

(—- a —— - ‘- - ‘  i a  - - _ a n- ’ ~a a - -

- — 

- n l a a a - . - , t a ! a _ . i - - -, ‘ . - _ ,

( a , - a a  a, , . ia __ a- e- - I - - l a S
a _ a - - - a I aJ~ _~ - ;  l i  - a- — i a - - a a a 

- - I a -

a a a j i ; a I a r t  a j~~,

a a rt a 1 l a  Ia a b a a  I n  h f i ~
5 a a , ~- n a a ,  (,a a _ a p _ u a  a- - — l a ;  - ,  a )-- i a - _  a ’  r~a a — —  I i a  a a ’
6 I - a , ~,aa a - ~ a c

1 
a I an ’ . a ’  - n- i - I a ” a I ‘ a ’

Key: A — C l a s s  B — Are a a f  i ce-  bod~ (m~ ) ~a ccordiug I - V . C • F e - t r ay

C — Vo la.mie of ice- ~af  i c c -  ha i t ’  (in ) ,accord log t m  ~\ . I • Ka la b inn
D - Same a c c o r d i n g  t o  A . S. Shu m La kn v 1 - Very small 2 - Smal l
3 - M e d i u m - s i z e d  4 - l a rge  5 - V ery large 6 - O l g a u a t i c
a — smaller tin an i io2 b — from to 2 t o  10 c — l a rger  than 10 6
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Ti e- l~a a n g l i i  m a f c - x i s t e - t a c e -  of i c a - -  bad i - - - is it - t e ~rmiiaed by tin - . regim e - -f t i n e

s: r i n g s  f o r m i n g  those-  ice b odies . the  increase- of s h e  f t he -  ice  bod y i s
determined by the discharge -f t I n e  source  in t he  w i n n i ’ . - n , n a nd t i n e  d c - a t  n i a c t  i - - r i

by the Intens itv of thawima g of t i n e . ice ir a t he  r; ring and summer c-rind . T h e
rocess of thawing of ice is d e t e r m i n e d  by th c- amoun t  ma t ab , -- r b a e - -d so i n n  r ,-ad i-

at j o~ and the structure of t h e  r a d i a t  in n i - t h a . - r i a t a a l  b a l ance  of t h ’ -  s u r f i c e , t r a -
de r  the c o n d i t i o n s  of the- Far N - r t h  ver y l arg e and gigantic ice- b a d ic - s do a t

succeed in c- -m i l e t e ly  t i n i w i n g  dur ing thc- alert suj ainler - - n o d , .is a r e s u l t  - ‘ I
wh ich  e r e n nla l ice- bod i e s  f m m na n .  They  can l a e  d c v i  la ’1 ing , s t - b l e -  and  degrn ad-
irag . l i ne -  condit ion s of t h e i r  di va lo~am ent can he re-caarde-d Ian the - f a i l  lowing
m a n n e r :

1) Q. - - Q -- d e v e l - -n - in g ,inp u t  aut ;Ut -

2 )  Q . Q -- stable ,i nt ui t  ou tput
3) Q. - Q -- degrading .

i an ; Ut  a a u tp u t

The genera l procedure for  calcu iot lug the reg in ae -  and  dy n a m i c s  -f an icc- brad y
can b’. Illustrated as follows,

Es t in~~t ion of the Dynamics of Growth of an Ice- Body and Its Thawing (Exam: le ‘I~5)

In the investigate --d region jr the valleys ‘f srr~a l l rivers annua l and  ; e - - r e n r a i a l
ice bodies are observed which form at the places  of d i s c har g e  of s u b s u r f a c e
waters. In one such valley the regime has been studied of a source  si t u a t e d
In the  lower pa r t  of a slo ; -e  an ad c o n f i n e d  ta  the f a u l t  Z on e  a l o a g  wh ich t h e -
discharge of subfrosta l strata 1-f i -n-aura- waters of a C a m b r i a n  c -m n i ~ lex of de-
posits proceeds. The di scharge ‘f t h e  source in the  i e n i a a d  of f o r m a t i o n  (or
enlargement ) of the ice body varies in the following u n a a n n i e - r (Tab le  68).

Table 68 Discharge of the source (m
3
/day) forming an ice body

a u~~a 

A 

n~~ a

II 20 a) I n 3  dl ) ‘ 3 1 0

Key : A - Date of measurement

The height of the ice body ~at the end of w i n u t e r  reaches 1.9 meter s on the
average , occupying an , a re ,a  of about 1500 in • t h e  gre-auth at the ice body
starts about 10-15 November.

The climatic conditions of the regloi’a rare charact -r lzed by: t 
~A — 26.4°, and the average annual a i r  temj aer atur c - -  (t - I 1s 9.7 • The

air air-ann
a coefficient of hea t transfer on the  s u r f a c e  of the  ice body in the samamer is

11 k c a l/ ( m 2 ) ( d e - -g r e e ) ( h r ) .  It  must  be determined whether that ice body Is
annua l or perennial and iti a ’ sha ie  of the surface waters and atiaospheric
ore - c i j itations In the formation of the ice body.
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Solution. 1. We determine the volume of water of the source (V ) used to
form the ice body. In accordance with the length of growt h of t~~e ice body
(from 15 ~ - - v e m b e - r  to 1 April) and change of the flow of the source iran t h at
t ime (see Table 68) with the average monthly values of the flow (Figure 116)
we find that V 22.5 x 15 + 17.? x 31 + 11.7 x 31 + 8.3 x 28 + 5.2 x 31

.5 w1ô~~i in

A ~

‘ - a FI gure 116. Flow of the sour-a e

- 
forming an ice body; the hatched
area shows the flow of water in
the  per iod of en la rgement  of the
Ice body, a - Q , m 3/da y b -

II I T , months

Consequen t ly  the  volume of the Ice body due to water  of the source will be;

(27-1 (n 9 l77-~~-l •au~.

2. We determine the average height of the  Ice body fo rming  th rough  the
source (h’) if It is known that the area of the Ice body (S) before the
sta rt of thawing Is 1500

‘~~~~~ ‘ ~ -~~ 1 . 2 ‘f
S I -U ’ ’

3. We determine the share of the surface waters and atmospher ic  pr ecip ita-
tions (V ‘) In the formation of an ice body if the average height of the Ice
body at ~he end of winter is 1.9 m , and through waters of the source it can
r each 1~ 2 in:

(1 ,9 — 1 , 2 ) -  1 5 0 0- O h’ ) fl-~h , 5 At 3 .

4. We find the maximall y possible thickness of thawing of the ice body (h
e
)

through the heat of solar radiation:

-: (8 ,2 .1 )

7 3-a l a  -— . ~ it an
ic 0 tee o)

Consequently,  an ice body with a thickness of 1.9 in is an annua l one. Und er
the conditions of the given reg ion it thaws in the first half of the summer,
all the more so since the water s of atmospheric prec ip itat Ions and surface
runoff will exert an additiona l warming influence on the thawing.

The presence of an ice body affects the temperature regime of the basement
rocks, As a rule , perennial ice bodies lead to a sharp reduction of tem-
peratures In the ba sement rocks , which is connected wi th  the f o l l o w i n g  cir-
cumstances. In the sununer period the presence Gf a layer of Ice excludes
t’- ’. ~varwIng of th e so i l  under It , the soil temperature does not exceed zero

362



~~- L . . -— —

a l e gr ee - a nd -~easona l t h a w i n g  under  t h e  ice bod y Is c o mp l e t e l y  absent , th a t
Is , t h e -  ground ben ena th ice bod i es Is  in a pernnafrozen st ate far a number a - f

y ea r s .  T h i s  r e s u l t s  in a sharp reduction of the average annua l temperatures .
In addition to tha t , the y e - n a n  round the  ice cover , by reflecting the arriving
so la r  n a d i a t i o n , l e - a d ~ to a shar~ reduction of the- t a - n n a ; . a - r a t u r e -  of the surface
of the ice as compared w i t h  the  a i r  tempera ture and , con se . i~uen t 1y ,  to  a r educ-
t i o n  a - f  t h e  ter aa ; e r n a t u r e  of the basement rocks ,

The ; r - c e d u r c -  fo r  c a l c u la t i n g  the i n f l u e n c e  of the  ice body on the  tempera-
ture- regime -f basement rocks can be illustrated as foll --ws .

C,-a 1cu 1~a t i o n  of the I n f l u e n c e  of ~an Ice Body on the  Te r n a ~. e.. r n t u r e  R e g i m e  of
Basemenat Rocks (Examp le 46)

C a l c u l a t e  the tena ; e r a tu re  reg ime of a l l u v i a l  dep os i t s  on a s e c t ion  of a f l o o d
~ l a i n  wt n e r e  in the  w i n t e r  -r iod an a n n u a l  ice bod y forms thr ough surface and
subsu r f ace  w a t e r s .  In f r o n t  in v e s t i g a t io r a s  it was e s t a b l i s h e d  th a t the  growt h
-f an ice body starts on 1-5 October (from the- moment -- f stable transition of
the air temperature through 00 ) and  c o n t i n ue s  to the end of F e b r ua r y .  The
hei ght of the Ice body in that period is 2.8 met ers on the average, In the
f i r s t  days  of May the ice body s t a r t s  to  t h a w , and it d i s - a p I . e~a r s  by the  end
of J u l y .  The l e n g t h  ‘if the winter period is 7 months. Table 69 resents dati
c h a r a c t e r i z i n g  the  annua l c -iu r a e  of comj ’-onen t s  of the r a d i a t i o n  ba lance and
th e -  ave rage-  m o n t h l y  a i r  t e n r n 1, e - r ,n tu re s .  I t  has  bee -n e s t a bl i s h e d  tha t  a f t e r  the-

r a d  of growth of the ice body , in starch a nd A~ r i l , i ts  su r f a c e  d o e - a  n - ’~t have
a ;ermanent snow cover , as it is blown awa y by w i n d s  whose v e l o c i t y  is great
In thosa~ months (13-15 days of the month the wind velocity exceeds 6 m/sec).

[h~ coeffic ient of h e a t  t r a n s f e r  on the s u r f a c e  -f an ice- b’-d’~ is 10 kcal/
(m2)(hr) (degree), and on the surface of t i e  s o i l  --  20 kcal/ (m 2)(hr)(degree).

Solut i ’-m ’a . To determine the average annual t omp era tu re  of the  rocks on the
secti onn of development of an ice-- body it is necessary to determine the - course--
of tem~era ture on the surface of the  Len body in tin e: ;eriod of I t s  ex i s t ence
and on the :  surface of the soil a f t a - r  i t s  dI sappearance  . It  is obvious  tha t
Iur ng the growth of the Ic~ bod y, that is , from October to Februar .’ Inclu-
s ivel y, the temper,ature of it -~ s u r f a c e -  w i l l  be cans  lder-ably above the- a i r
t em p e r  ture , as in th n at 1- e -n i o d  water  Is c r y s t a l l i z e d  and the  r e l e as e d  hea t
prevents lowering of the sur face ti-mi - c- ’ ature. The r everse p icture will occur
In the period of thawing of the ice body ,  f r o m  May to Ju l y ,  wi n e -n a the phase
t r a n s i t  Ion of the  ice I n t o  w a t e r  c r c - - n a t  us a “ze ro ~~~~~~~~~~~ on the  s u r f a c e.  In
acca -ar d a n c e  with w h i t  has  bee -ma s a id  we d e t e r m i n e  t h a i - course -f the average

ana- - n , t h a  ly  t a - i n n e n -a  t u r e - - -, on the surface -f the - ice-- beady and t i n e -  s o i l.

1, W e - f i n d  the  average m o n t h l y  t emp erature-  m a t  t h e -  su r f ac e  of the Ice body
h a March and  A i r  i 1 , m a the ~-a- r m d  when the’ Ice- beady was f ran c - i t , I t s  f u r t h e r
growth cl -a c - s not  occur and t h aw i n g  ha~ not  yet st a r t e d .  Fra im the  c an d it  Ions
- 1  t i m e  r a l a leina It f l  lows tha t the t c-m 1 c - r , a I u r e -  of the  n - a r  lace- -if t’ c- ice
body at  tha t t ime w i l l  d i f f e r  f r o m  t I n e -  fa ir t e-UT I a ir a t u r e  o n ly  by tha t - amount
of th e-  5a d j a t i on  co r rec t ion , in  those  months  the rad i ati - -na balance is 0.47
k c a l / cm  In M a r c h  and  2. 46 kca l/ cm 2 In A t i r i l .  Corresp ond i n g ly  t~ae r a - i l a t  Ion
c arr ect ion will be:
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Tab le  69 the a n n u a l  course of change of the component s of the radiation
ba lance and air tempera ture on the sec t ion  of development of
an ice body

a 
a i n an! - I 

-; Va -;,:

I e, ’- ,a , - 
~~~~ - - a r a - ; a : ‘ n a n  a ’
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2 - - a: a a . “~~ 1 ii; 
- 
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A

a - - - - i  a (a a ‘I - - a - a  : - -j -
4 -a :  a aC ‘- - - - - — - - 

-

/ a , - a l l :  L’~~ 1
5 I _ a -  - c P . -  ) .  - , I l l  - a — I
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Key: 1 - Summary radiation on the horizonta l surface Q , k c a l / ( c m 4 ) (m o nt h )
2 - Albedo of -the surface ~, % 3 - Absorbed rad~a~~ion Q , kcal/
(cm2)(inonth) 4 - Effective radiation of the surface of ab

the ground
I , kca l , (cm 2 ) (month ) 5 - Radiation ba lance R , kcal/(cm 2)(month)
6 - Average m o nt h l y  a i r  temperature , t

ai r~ 
°C

Consequen t ly  the average monthly  t emp era tu res  of the s u r f a c e  ‘if the ice body
are t111 

— -21 + 0.5 — -20,6 and t
1~, 

— -7.6 + 3.0 — -4.6

2. Fra-in May to J u l y ,  in the period of thawing of the- Ice body , the tempera-
ture on its surface is 00. If we assume tha t the temperature regime ira the
ice body (In its depth) Is at that tIme isothermic as a result of filtration
of thawed and surface waters through the Ice body, we fInd that the tempera-
ture on the surface of the soil (below the ice body) at that t ime also is 0

3. In August and September the surface of the sau l is freed of the ice body
and is covered by sparse grassy v e g e t a t io n .  The a lbedo of the sur face  chan-
ges s u b s t a n t i a l l y  and In August is 18% and In September 26~~. W i t h  cons ider-
a tio n  of the radiation correctia-ra the average monthly temperature of the sur-
face of t i n e  s o i l  is 14. 5° In August  and 6. 6 In September .
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3. From October to February inclusively , tbaat Is , in the cii ur- n e of 5 moraths ,
the formation of the ice body occurs. It is obvi’aus tha t the hea t released
dur ing the cryst 5allizat ior-t of wa te r  in t h e  i r a-acess of the gro%~th of the  icin-
body raises the temperature- on the- surface of the ice body Ira p r o p o r t i o n  t o
the- amount of uniter arriving and freez ing per unit of surface.

If the growth a — f the Ice bod y were not l im i ted by the str eam discharg e, by
the end of the w i n t e r  per iod  the ice body would have ach ieved  the- maxima l
th ickness , wh ich can be calculated with (8.2.1) at an average winter air
temp er a ture of - 2 2 . o°~

/n 
h a ‘ O - l 2 (~ 

~~~~ ‘~~ .

In that case the temperature on the surface of the ice body in the ~eri od
saf its f o r m a t i o n , tha t  is , in t he  course of 

~~~ r’ 
would have been 0

thnder rea l conditions the feeding of th~ ic e- body is limited and its thick-
ness reaches only 2.8 m, Consequently, the elevation of the temperature on
the surface of the ice body as compared with the air temperatures will occur
a t a cer ta in va lu e of 

~~
t i b  which can be determined with (8.2.1):

- 

/l l , :  Q,a, b  
- 

2 s - ~ IJ . n u- )
-- n - i  - I a n  ha)

If the growth of the ice body in t ime- occurs uniformly it can be assumed that
the  average m o m a t h ly  temp era tures  on the s u r f a c e  of the ice body In the  e r iod
from October to February  Is 6. 2 h i g h e r  t h a n  the  average mont i- ly  a i r  tempera-
tur es.

Table 70 Annua l course of the average The values of the average mon th ly
month ly  temperatures on the surface of temperatures on the surface of
an ice body In the period of its forma - the ice body In the period of its
tion and on the surface of the soil existence and on the surface of
a f t e r  i t s  disapp arance  the soi l  a f t e r  i ts  disappearance

are presented in Tab l e  70. When
- . - -   — - --—- the  growth is irregular one can
A 

5 m- ’ a  
B 

a - ,a”.:’ - , a . ca l c u l a t e  the  correc t ions  fo r  the

- 
average m o n t h l y  temperatures in

- - - 

-
~~~ 

proportion to the change of the

H ~:‘~~ 
stream discha rge, us ing the same

II) I 21) equat ion ,
iv

I a 5. In order to determine the
U average annua l temperature on

the surface of the soil , obvious ly
x I i  It Is necessary to determine the

> 1  ~~~ Influence of the Ice body as a

C j ”
~1 - ~~~~~_ therma l insulation cover. This

can be done either by using a
Fourier equation or with the

Key : A - M o n t h  B - Tempereture, °C n a e - t l -aod of V. A , Kudryavtsev , using
C - Year
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an equa t ion f or de termin at i on of the -  i n f l u enc e a - f  t he -  snow cover th rough  the
therma l cycles (examp le 14),

We will examine the solut ion of the problem on the basis of a Fourier equation.

The In f luence  of the  ice body on the temp era ture  of the rocks in t he  p er i o d
of existence of negatlvc air tempera tures Is determinable by ca lculating the
min ima l temp era ture  of the surface of the soil with equation (3,3.4) , in
wh ich we make the following substitutions: we assume that A is equa l to
the minima l average monthly temperature of the surface of th~ ice body
(-30.7°) ; K is the coefficient of therma l conductivity of Ice , equa l t o
4.5 x l0-~ m2 /hr ; T is the leng th of the nomina l period of fluctuations of
tern e -r , a t u r e , equa l to 2T 

tr 
h is the  average t h i cknes s  of the ice body dur-

ing the pe-r iod ’L 
tr 

Th~ value of h is determined by the method of wei ghted-
av erage values , 

w 
in which from October to February the average thickness

of the ice body is assumed t o be 1.4 meters , since its growth occurred uni-
f ormly ,  and in the  course of March and Ap r i l  it was invariable and amounted
to  2. 8 meters , tha t is ,

Il 
1 3 2 . 8 1  

- l , M - :
C?. 7

Wi th the indicated initial data , us ing  fo rmula  (3.3.4) , we f i n d  t ha t

— —  
- a ~ 

-

- 
4 a  au n:-.~ no’ 

, - 30 7-e - 13 , 1 -

If we assume tha t the  average winter tempera ture of the surface o~ the so i l
Is approximately equa l to 2/3 ~~~~~~~ we find that to min 

= - 12. 7 • We f i n d

the average annual temperature of the surface of the soil in accordance with
the data of Table 70:

t ; - - r  
~ a p ~.1~ 14 -~ 1- ~~ 4 , 2 ’ .

Then the a- rerage  annua l tempera ture of t he  surface of the so i l  under  the ice
w i l l  be equa l to:

- 12. 7 7 ; . 2 - 5  
— Ta , 6~ .

12

6. We de termine  the in f luence  of the ice bod y on the tempera ture  of the
sur face  in the w in t e r  period through the hea t cycles by the  method of V . A.
Kudryavtsev , as in (5.3.5). Being given certa in va lues of~~ t 1 b’ as was
done in the calculation of i~~t n 

we deterraine the heat cycles 
- thr ough the

surface of the soil and the surface of the ice body (see Tab le  71), Then
by tria l and error we determine the sought value of ~at 1 b ’ The In I t I a l data
for calculation of the heat cycles in accorda nce with t~ie cond itions of the
problem were assumed to be the following : — 1350 kg/rn3; ,-~~~~ — — 1.5

kcal/(xn)(hr)(degre~); w — 23%; 
~ 

— 0%; C 
1-f 

— 432 kca1/(m~~)(degree);Q — 24,840 kcal/m ; — 2 kcal~~ m)(hr)(de~ree), Assuming successively
t~e values of 8.6, 7,0 and 

~~~~~~ for  Lat l b , we obta in calculatIon data (see
Table 71) on the basis of wh ich , having constructed a diagram , we f i n d  tha t
the sought value of E

~
t
I b  is 7.2°.
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Table 71 Calculation data for determination of Lit i b

A ~:a p -

‘ma N , . -L Q~~. .. ; , a a ’ ,_ , ma . , ~ 2Key:  A - ~ t B - Q , kcal/m- . I-b 2
gr

(a 3 1 , l . u - l ’ ‘ ;2 L - 1 a a ~ C — Q , kca l/m
7 0  5 i , 3 3 - I U ~ 3? 2 S- n a~ i — b
(hO 31 , 22 - I n, 1) . -~ - 1O~ -

W i t h  cons ide ra t ion  of ~~~~~ b 
we determine  the average winter temperature on

the surface of the soil under the Ice body:

L i ~ 
t a - h ,  a ,-~, - ~~aa 5, 2 -

~~~ -  

, I 3(— —30 ,~~) 7,2 - - — 13 ,20.

Whence the average annua L temperature of the surface of the soil will be:

12 

: 
- — 6 ,1°.

The values of t obtained by the two Ind icated methods have satisfactory con-
0

vergence

The calculations showed that the formation of an annua l Ice body with a height
of 2 .8 meters under the cond i t ions  of the inves t iga ted  reg ion leads to ele-
vat ion  of the average annua l temperature of the surface  of the so i l  under the
ice bod y by 3 , l_ 3 ,60 in comparison wi th  the average annua l a i r  t emp era tu re  of
_ 9 . 2 0. The same influence is exerted in the region by a snow cover w i t h  a
height of 0.2-0. 25 meter a t  a dens i ty  of 0.19-0. 2 g/cc.

C a l c u l a t i - a n  of the  I n f l u e n c e  of Freez ing  of the Sur face  of an Ice Bod y on
I t s  Thawing (Example 47)

In  the region of Inves t iga t ion  in a f ro s t  survey it was e s t ab l i shed  tha t in
r ive r  v al l ej s  where subsurface  waters are  discharged ice bodies f o r m  on a
large area w i t h  a he ight  of 3.5-4. 0 meters.  The ice bodies thaw by the end
of sa.miner . To work placer deposi ts  it is necessary to acce lera te  the thawing
‘i f  t h e -  ice body by 2 mon ths . For tha t purpose Its surface is covered w i t h
coa l dust at the s ta r t  of spring (April  air May) .

labie 72 presents data character izing the r a d i a t i o n  balance and tempera ture
reg ime of the surface of an ice bod y in the period of i ts  thawing , obtained
by calculation with the use of meteorolog ica l data wi th consideratIon of the

~a 1bedo (A) of the blackened surface,

It is necessary to determine the time of complete thawing of the ice body.

Solution. 1. We determine what tota l of the degree-hours Is necessary to
thaw an ice body with a height of 1~.0 meters , using equation (8.2,1);

- 
- 

- ‘a -~~) (  1 . 0 
- 22 -~37 , -n ,na) ‘ale.

367



Tabl e 72 For ca lcul at ion of the t emp era tu re  of the b lackened su r f ace  of
an ice body in the spring and suniner

L
-— - - —  -

L a  - a - - u ,a a ~,, - — — —

t v  ,- a I a i 3 i - ~ x , , ,, . ‘ - , a - I,— 
-‘- ‘ - ‘ a ’s — 

- 

-, I ‘. a n  - - U 
-

I ca . -~~ ‘. -,-: a C . : a:, ’ 1 a .~ 1 3 n a 13 . 2 ah a I .0
a m 3 - 1-3 ~0

2 Q. - . a~-,-: c a n ‘- - a :   !(L U H I II II ~~~~~~~ -3 ,32
3 / in- , 2 _ I - ( 2  I i  L I  j 2 , 4
4 -? a - ,- -~  , ‘: ;  -a - -  -~~,:‘~~ 3, a~ 3 , 12

- a , - -

5 a:  ‘ m a : ~ ~~~~~~~~~~ ~~ ; ~~6 t _ .  — a: a , ; Ia’ 3 - :2 , I a a
a - a ,, - \ t ,, ~~ I I  - I I I  - I 2 ’, ’ H -

~

Key: A - Components of the radiation balance , air temperature- and tempera-
ture of the surface of the ice body B - Months
1 - Q ,  kca l/ (cm 2 ) (month ) 2 - Q ,  kcal/ (cin 2 ) (month )

3 - I, kcal/(cm2)(month) 4 - R , kca l/ (cm 2 ) (month )
5 - — 14 k c a l/ (m  ) ( hr ) ( d e gr ee )  7 - t i_ b  = t + t~~, C

2. We determine at which average da i ly  t emperature the Ice body can thaw In
2 months (1440 hou r s ) :

ha -  i a . )
a )

It is evident from Table 72 that the average daily temperature of the sur-
face of the ice body during May and June is “~ 16.3” on the average (11.4 +

+ 2l.3)/2 ~~ 16.3°)). Consequently, by the end of June the ice body has
thawed comp l e t e ly,  which  s a t i s f i e s  the cond i t i ons  of t he  posed prob lem.

The e f f e c t  of Ice bodies on engineer ing s t ruc tures  Is an u n d e s i r a b l e  pheno-
menon , and so in the cons t ruc t ion  of any objects  i t  Is combatted . Ice bodies
of ten  form where before  cons t ruc t ion  and , c o n s e q u e n t l y ,  d i s t u r b a n c e  of the
natura l c o n d I t i o n s  t he i r  f o r m a t i o n  was not observed. Therefore  in an engin-
eer ing forecast special attention must be g iven t a  the quest ion of ice bodies.
Many methods have been proposed for combatting ice bodies: explosive work,
artific ia l thawing of ice, the construction of barriers to the flow of the
water fo rming  the ice body and the application of water-removing and dry ing
dra inage. For examp le , anti-Ice-body belts are used as measures preventing
the formation of underground ice bodies. The creation of belts consists in
a r r a n g i n g ,  on the slope above the section , wh ere an ice bod y f orms und er
natura l condi t ions , a ditch with an embankment la id out in the direction of
the used area. In that case the ditch serves as a dra in for the water on
top of the f r ost, and the embankment as a dam which does not allow water to
pass down the s l a a 1 e. The l a t t e r  is ach ieved if the upper boundary of the
permafrozen roc k mass under the emba n kment Is raised to the level of the day
surface of the adjacent sections. An example of the ca lculation of such be lts
is given below.

368



-i,. -. .- - --_—— _— -

Ca lculation -if the h e igh t  of the  Embankment of an A n t i - I c e - B o d y Bel t
(Ex~a rrn1 l -  4~-;)

In a f r,i~.t su rvey  it was e s t a b l i s h e d  t h a t , on long ( ~ 500 meters) gentle
slol e--s of a lake-glacier Ia in with a curved longitudina l profil e , ground
ice bodies f arm ~~nr - - -ugh the  r u n o f f  of s u r f a c e  waters  and wa te r s  on to t  of
f r o n - a t .  In the  c - a : - a s t r u c ti o n  of sec t ions  of a slope It is necessary  to guard

a g a I n s t  the  f o r m a t  ion of ice bod ies , which can be accaimp 1 ished by creating
an a n t i- i c - -body b e l t ,  i t  is necessary to calcu late the height of an enbank-
me:\t which assures elevation of the u1-1 er boundary of f r o s t  to the  level  of
t h ’. day - .urface.

Soi4 on the  i n v e s t i g a t e d  sect ion consis ted  of sandy b arns w i t h  ~
‘ 
k 

= 1250
kg/m i ; W

v 
= 2 7~ ; \ = 1.1 kcal/(m)(hr)(degree). The pouring off

5of the
embankmen~ is accomp lished from the same soil (sandy ~oam) but its moisture
c - - r n t e n t  in the embankment is 18%, and 

~~k 
1200 kg/rn and = 1.2 k c a l/

Cm) (degree) (hr).

The climate of the region is characterized by the following data : t
- ,o o air

= -L aJ .-4 , A . = 22 ; z = 0.6 in; ~ = 0.19 g/cc.a i r  sn sn

When a “belt” Is created the temperature regime of the ground in the groove
and on t h ~ embankment changes substant ially in comparison with natura l coa-
d i tl o n s , as a r e d i s t r i b u t i on  of the snow cover will occur. The height of
the  sfl°w in a d i t ch  w i t h  a depth of 0.5-0. 6 meter w i l l  increase to 1 met er
a t  a d e n s i t y  of 0.25 g/cc , and on the  embankment w i l l  decrease to 0.3 m a t
a d e n s i t y  -a f 0. 22 g/cc.

S o l u t i o n ,  1. We d e t e r m i n e  the  t emp e r a t u r e  regime of the surface of the
so i l  and the  depth ‘i f  sea sona l thawing under  natura l c o n d i t i o n s .  According
to formula  (5 ,3.10) A t  7. 1 , and then t -3.3° and A = 14.9°.Sn 0 0

In accordance with the moisture content and t*mperature reg ime of the soils
we find with (4.l.~~) and (4 .1.8) tha t C 

1 
500 kcal/(m’)(degree) and

21,600 kcal/m . WIth a nomogram ~~ee
t
FIgure 17) we f ind tha t S 

=

—“1,6 x [Li 1.7 m,

2 . We de te rmine  the  temperature  regime of the sur face  of the ground and
th e - -  depth of seasona l t h a w i n g  on the embankment a t  Lit — 3.8°, t — -6 .6°
and A — 13.2 0 , Sn

C)

In accordance with the temperatu9 reg ime and moisture content of ~he ground
we f ind tha t C 400 kcal/(m )(degree) and Q = 14,400 kcal/m . W i th
the nomogram w~

°1 tdetermine that j’ — 1.45 x ~~~~~ 1.6 m,

Therefaar e the height of the embankment must not less tha n 1.6 m for the
soils under the embankment on the level of the day surface of the surround-
ing sections not to undergo seasona l thawing ,

3. We dete rmine  the t emperature regim e and depth of seasona l thawIng of - .

the ground in the d i tch  at  u t  9. 3 , t — —l. l~ and A = 12. 7sn 0 0
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In accaardanc e with the ~emp c-r a ture regime - i f  the  ground in the  d i t c h  we f ind
tha t ‘1

~~ 
= 20 ,000 k c i l/ m  and  w i t h  the  nomogram ( F i g u r e-  17) we-- d e t e r mi n e-  t h a t

= l.~~3 x aJ 1, 1 = 1.-S na .

Corn 1 , a r i s on  of the  de~ t I n  of t h a w i n g  of the  ground in the d i t c h  and  on th e-- s lop e
u:nm ler na tu ra l c o n d i t i o n s  sh - a w s  t ha t  e v e - a n  a shallow (0,5 meter) ditch will
serVc ma s ~a good d r a i n  f o r  w a t e r s  on top of f r o s t .  Rowever , It should  be- ‘ a ken
int o  c o ns i d e rat i o n  t h a t  in c o n s t r u c t i n g  a d i t c h  an u n d e r c u t t i n g  of the  s1~~t e-
occurs which can lea d to  th e  a c t i v a t i o n  of s o l i flu c t i o n  and therma l er o s i o n .
lher c f ,i r e - the calculation of mnti -ice-body belts must he accompanied by a
f- -r a - c -m ’-t of the deveb o i ment of other frost processes,

3. Processes of Fros t C l e a v a g e  of R o c k s  and  Polygona l Formations

Po ly g o n a l - v e i n  f o r mat i o n s  a r e  developed a a i i t  o n l y  in regions  of c o n t emp o r a r y
a r c - v a l e n c e  of p.~r t n aa a f r o z e n  rocks and seasona l f r e e z i n g , but a l s o  f a r  beyond
t he i r  l i m i t s  and in moun ta ins , A coninon fe-mature of those formations is their
polygona l (often tetragonal) form , created by a network of fissures or ditch-
l i k e  depress ions  which  bound the  i m i l y g o n s  air more o f t en  quad rang le s . At t imes
the networ k of such d i t ches  is combined w i t h  a system of r idges  on the pen-
ahery of the poly gons , forming a tolygona l-r idge microrelief. In the case of
a sniall hummock or large-huninock microrelief the network of ditchlike de~ ress-
ions b aunds systems of small ar large huninocks a r ranged  in a checkerboard
manner. Polygona l formations include various polygona l systems of ice and
soil veins and also medallion spots, stone wreaths, “cryoturbations ” and
“ ta i l i n g  k e t t l e s ” and  - i t h e r  s t ruc tu ra l polygona l forms. The d imens ions  of
thc- I ialyg a )fldl forms vary frmam severa l centimeters to tens or mor e meters .

Gr id polygona l systems - if ice veins are widest read in the Arctic and Subarc-
t i c  and ar e de -v el a a 1- e -d mainly in f i n e l y  d isp ersed and p ea ty  s o i l s .  They a t
t imes a m o u n t  t a  r n - - r e  than 50% of the volum e a - f  the  e n c l o s i n g  rock and aif ten
c rea t e-  t ’ a s~ cc if Ic at  a ea ran ce  of the -  1andscat ~e- and  have comp lex f o r m s  and
a structure reflecting the-  influence of the physicomechanica i , therma l and
facial condit io is of their deve--lop me-nt .

Shown ‘-n F igu r . 117 is an outcr i i a of old ices of Mus-Khay on the Yana River .
The mineral r’-cks , both f inely dispersed and sandy-pebbled , enclosing the
sys tems f ice- v e i n s  have  a l a m i n a t e d  s t r u c t u r e, as is clearly visible on
F i g u r e -  11-5 .

C-- a mt &- m p iir , a r- f ~ a a1y go na 1 systems a f  l ea ’:  ened-vein ices form on the surface a
spa-cit Ic po 1 ygaana 1-ridge mi cr- a r t - I  l e t  composed of regular h o  l ygons  of tetra -
gra ri,i l form on r e - k - . u n i f o r m  in t!a~ ir litholog ica 1 c - - n o  i~;itjo~~. On lit ho—
1- - g i c a l l y  d i f f e r e n t  rocks p olygons  w i t h  an i r r e g u l a r  form develop . P a u l y g i i a - aa l-
v eine d t arn~ at  Ions f o r m  ,as  a resul t -i f 1r m a c e s s e s  - a t frost cleavage.

In acc’ardince with concepts ‘f the- physica l essence of the process of frost
c l eav a g e  h r e-sented in the- works of 11. N . Dra st ov a la iv  (1952 , 1959 and 1967)
and develam j ed in the- works ‘if N .  N . Roman ovsk i y (1970 , 1971 and  1972) , the
f - i r m a t  ion of f i s s u r e - ;  Is ca ann e - c t ed  w i t h  tile f o l l o w i n g  cond it i - i n n : , .  A b ov e  a l l
the  jah enomenon can occur o n l y  in a so l id  f roze n  mass  a - f  rocks. 1h c -  condit. l - ’ a ’ a
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Fi gure 117 . Outcro~ of y e - - i n  ice- - a t  Mus-Khay on t ‘ e ‘(an,a
River .

Is  t n - a l f  i b i d In t h ; .  e-~,t ,i bli:2naane - na t at --w : n a - g i t i v t _ tern: a r a t u r e - -, rit a the -air—
t h e  ~ a i i i  a n d  at a;ma 11 - 1 , - ;  t)n, of Se -am sa ’;aa ily thawed (seasonally fr - —

z m )  l a y e r s , v t  ich is i a  t a - rmiaied by t h e  l a t i t u d i n a l zona t i i a i i  and the con—
t l i n e a L  I c h a rac ter  if th e  c l i ma t e .

It  t - - 1 1 - ’w s  fr-- ann t h e  f i r s t  c - - a n d i t i o n  that  f r - m t  c1.~ a v a g e - -  is c - - a miie cted with
t he-- d , t r i i a u t  I - - :  if de-f  i t a i t e -  g e o l o g i c a l ga et  Ic Ca-ITt j  lexes and typ es ‘f r e - k - .
lit virtue a i f  t h a t  Li n e - h e - a n - m a r - l a na under  cons i d e - r a t .  ion is w i d e sj  r e i d  c— n water-
sheds  w i t h i n  the -  1 u n i t . s - cc- .ar r e a n c e  of c aver lug l’a ,arn.- , mor n toe - ôlayey de—
p a i n - n i t  s an d  a I so  s i l t y  - a a a d y - - s an d y  l am— loamy dc-1 OS i t s  if a 1 1iv ia 1 arid lake—
a l l u v i a l  p~~a i i i - . 11:- n t c l eavage  is a l s a i  w i - l ’ a n ~:r , , act  I : ,  r i ver  v , a l l e ’.’ —,.

V e r y  f , a v -  -ia bl a caaia d it i a n a s  f a - r  h e -  d i v e - I - - n  m a e - m t of the g iv.-n ra ce --as ar noted
I : ,  t h a t  re-g i n a  of e r r r a . a f r - - ,~e a a r - - c b - rnas sc - s , where at  the m-niieiit of caimj lete

r a c-i Lag of t h e -  - , a  ,a;-o i n n a  l i v  t i m , a w r - d  1~a y e - r  - - c c u r s  a sol LI m n i a s s  ‘f
. f r o z e - i a  rocks

f r - - i a n  L a -  sur f ace Li a t  g r a - a t  m i t - I - t i m .  In t i n a t  case the te --m n sjle stresses f- ’rmiamg
itt ti n .- t r -  / a - i a  S~~~a I  - a ’ a n a l  ly thawe d  l a  ye-r can , a~ e a r  at .  t.-rrn -~ r at u r e s  I ’’w a ’r t h an
the t a- m n a- ratur e- ‘it t h e -  ri t a  in  h , t s a  t r a n s i t  i ’ - a a - ~ of w a t e r  f a r  t i n . -  g i v i a t  tyl -.- -i

da - ; - -asl t - . l i n e  l o t  a la ity --I fr ,t ci t .av a gt- f - - i  Li m , a ~ t ’rt:c a - f  de - t i~~ it  Inc reases
I n n p r - ’n an rt ioi a t - - L a - I--v r lang --1 the- a r - g a l  ivi - 1 , - t n t  - - r a~ l i la  on t i n e - -  surface I r - -na
t t - -  t i m e  m i n i a t a l  (t - . At a Co flst,i: m t value , i j  t ( t  - t ) the Intensity

Ill mm iii ai -

- - t  t t a a ~- cl e a a v a g t  j n a a .t r -  - - n , t - s  with in cr u a a- ,a ,t ,- \ .  ha b a t h  Cast - n; the i n nara tsa

-- I i a at r - mn:; ity of c1a- , v .a~’a l a a a d t - , to reduction -‘1 t h ~~- d i m  nct.n t i a - t w a - e l l  flsa ~ures
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and to increase of the  depths  of 1 enetration of fissures (a single order of
generati--a ). The temperature gradients in the seasonally thawed (seasonall y
frozen) layer are determined by the difference of temperatures on its sur-
face and base and depends on the layer th ickness and its lithological and
m o i s t u r e  c h a r a c t e r i s t I cs  and co n s e q u e n t l y  are connected with a def inite ty l a- -
- a t seasona l thawing (seasona l f reez  Ing ) a c c o r d i n g  to  V . A.  K u d r y a v t  -~ev .

(I

A 

IN

Figure 119. Change of tha temperature gradient as a function
of temperature on the surface of the ground (a) and on the
thickness of the seasonally thawed layer (b): CTS -- season-
ally thawed layer ; M!.ff -- permafrozen rock mass.

What has been sa id can be illustrated by a schematic diagram , from which It
is evident that at one and the same thickness of the seasonally thawed layer
(~

) different temperatures on the surface (t
0 

and t ) cause d i f f e r e n t  tern-
l ernature gradients in that layer (Figure ~1 

0 7 119a). The same
t h ing  Is noted at one value of t but at different thicknesses of the layer

~ (Figure  l l9 b ) .  The i r o b a b 1 l 1~~y of frost cleavage is largest on se-ct ions
w i t h  max ima l t e - m t c m r , a t u r e  g r a d ien t s  In the layer ~ in the winter. T h e -r e t  re
within the limits of the first frost-temperature zone the process of fissure
formation can occur only under the conditions of a sharply continenta l cli-
mate -, In regions with little snow , on sect i - m a - a s w i t h  a sparse  p lant cover.
In northern ~egIons , in frost-temperature zones IV and V frost cleavage
fissures can he encountered e-ven In condit ions close to a maritime climate.
The probability of frost cleavage of soils can be calcu lated for each con-
crete region as follows ,

Determination of the Conditions of Formation and the Distances Between Frost
C 1 e- a v ~a g a  F i s su re s  (Examp le 49)

In conducting a frost survey it is ver y important ta - determine t i n - c  fre~~uency
-if formation of frost cleavage fissures In soils, In the region of the in-
vestigation the first terrace above the flood p la in is widespr ead. Its sur-
face is level and covered with moss- lichen cover and sparse , bow (15-20 cm)
underbrush .

In the process of the survey It was established tha t the terrace In the u 11 e-r
part of the profile to a depth of 17-20 cm Is com~osed of li ght silty b arns
with a moisture Content of 277. at 

~~k 
— 124 () kg/rn . The degree of moisture

saturation of loam is equa l to uni t~. Labor atory investigations of samp les
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at the- soil showed that — 1.5 and = 1.3 kcab/(m )(hr)(degree), C 1~~

~~~~~~ and C — 560 kcal/(m )(degree), n~ = 2 1 ,824 k c a l/ m  , and the- coef-

ficient -f t:rnperature conductivity 0.0035 m
2
/hr. The dependence of

the tensile strength of the f r o z e n  ground (
~
T
~~

) ,  the coeff icient of linear
expansion (

~ ) and the modulus of deformation (g) on temperature is 1res - -r ated
in Tabl e-- 7 1.

T a b l a -  73 M.-ch,an Ica 1 i r a i 1- e r t  ies of loam
A C — 

1

I -n - -~ 
: i i  - 

A — -
~ , kg/ cm

a :  n -  - i ~ - a - ’ a —6

-~~~ - 
B — a- - x 10 , I/ d e g r e e -

in 
~3 ? .~~; 

C - G ~ bo a , k g / Cm 2

The climatic conditions a re  characterized by the f- blowing data : t —

3 air
— -b0.---~~, A — 25.5

0
, z = 0.3 m , arid = - - . 22 g/ crn  . The l an t  cover

air sn sfl
in the region exerts a warming inf luence on the te-ma e r a t u re  regime of tha
soil: .1 — 0.l—0,2° AA = O.3 — a ) , j

plant ‘ p lant

Determine the dista nce between the fr- st cleavage fissures forming in the
bayer~ during its ci-m 1-Iet e- freezing , and also between fissures penetrating
the pe rmaf rozen  rock mass.

Solution, 1. We calculate the temperature regime on the surface of the  so i l
and the de1 th of the seasonal thawing of rocks :

t o - 
- 

~~
r c . ;  - ‘ ~~~ - I ~~~

- 
- 

-
~

a )  ¶ - -l _ 2 - i i 2

-I.  I ~ 1 , . :  ;l~ -1 .. ’ -1 .3 ;) a

a’. ith a non~ogram (Figure 33) we find the namount of the temperature shift in
th~ layer ~ : I

~tA ~~ 0.8°. Consequently, t~ -6.0 - 0.8 -6.8°.

At the initial values t y — -6,8°; A — 21
0
; 

~\ 
1.3 kcal/(m )(hr)(degree);

~~~~~~ ~~ 560 kcal/(m
3)(degree); Q~ 

— 2 1,824 kcal/m 3, and with nomograms

(Figures 15 and 17) we find the depth of the seasona l t h a w i n g  — X
x 1.45 ~ 1 .65 m~

-

- 
2.  We d e t e r m i ne  t he  t emperature g rad ien t  in layer s at the moment of its
joining during freezing with the pe rmaf rozen  rock mass.  To do t h a t , on a
nomogram (Figure 61) we find the temperature on the surface of the soil at
the moment -i f joining (see examples 27 and 28).

Under the gIven conditions (t — -6.0°; A 21
0
; Q,~ 

n1 ,8~~ k c a l/ m
3) we

find that t -22.6°. Consequently, the gradient It’. layer ~ at the moment
will be
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- .~~. 5- .  -

1 
i) 

~, p , - n  -

3 . We determine the di rm t ince lie-Lye-en fissure-s (x) in Layer ~ w h i c h  f o r m  at
the moment T , u s i n g  t h e  formula of B. N . Do-- t- ii v , ,bov (1967):

-
~~. W~- determine - th ~ laiver th i c k n e s s  h and the - m i n i m a l ta--rn: e - r a t u r e  on i t - .
surface- with consideration of the asytmnTmetry of the t a  m~ e - r a a t u r s  iV~ I i i ~~es
(see examp le 6) .  ln  accorda nce w i t h  t he  c o n d i t  ions of th - . rn b 1~ m the  m i -
t i , a l  d a t a  in the calculation ace assumed to be as f- blows : t~ = -6 .-r ~;
A = 21 ;~~(

f 
= i) •O~)15 degree/m~ ; ~ — 1.65 m; s t — f  = 3 .19 m. We f i n d

v i th ( -.+ .--. .1) and A w i t h  (4 .-~t .2 ) :

a - ~

t h e n  - I ~~~ ae-~ 
- 

- 

-

i: n 
- 

~ r 
- 

.;- / an - ;.~ a - a  
— 

ii . - , ,

- :i i;  a _ I

~h e -n the v a l u e s  of t and  A~ ar~ knowti  we readily find t h e -  m i n i m a l t e -m , erna-
t u re  at  t h e  depth

- - -~ - m  - t 
~ H . i 2

5. We determine the temperature gradient in the layer h at the- moment of
e s t a b l i s h m e n t  i a f  the- m i n i m a l temp era ture  a t  the base ~ and the  d i s t ance  be-
tween the fiirst c l a a v ~a ge- fissure~a forming at tha t t ime in the permafrozen
r ock mass:

- - a - 
~~~~ iM . :~ ~~~~~~~ 

- 1, n ~
14

T h c~n

i i - ~I I  :i : - - : i  
-

Thus under the condit ions of tin - a- investigated section of the tI r - - -m -

i laln t a - r r , c e  In the winter period frost cleavage fIssure- - , I a - --
tarmce b e t w e en  the-- f isn,ures In the layer ~ n i t  the  m i m e - a n t  y he ra  it -

p r m ~a f ro z en  r ock mass  d u r i n g  f r e ez i n g  is  0. 6 m , an d the  d i n - s t . i t n ~~ -

fissure - j .erae-trat ing the lalyer h and forming ira the- pa r lod I n
a in that lni y - r re--aches 8.6 m.

It is obvious that on smal l  area s w i t h i n  t he  l i m i t  - -

l n t p a a r L a n - t  s t ruc tu res  the question can be- p ost ad  - f
c o n d i t i o n s  in o rde r  to prevent the p ossibility , a t  t I —  -

ment measures must be sanlected with consid~ r .i ’ j a ~ -
~~ -

condition,, as only In t ha t  cas a -  C a i n  t i n t  ! t e - C t - - - . . - —
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In  d i f f ~~r ent  f ro st - t emp er . it u r L zones  and under d i f fe r e n t  ground c o n d i t i o n s
t~w e f f e c t  ivenc~~s of the same methods of c o n t r o l l i ng the f r o s t  I rocess w i l l
be diff erent. Thus , fo r  ex ;imp le , measures to accumula te  snow w i l l  g ive  a
far greater effect under the condit ions of a sharp ly con t inen t a l c l i mat e
than of a mar it line climate. The same measures in zones I and II lead to a
greater effect than in more northern zones. A corresponding difference will
be noted with res~ ect to the plant cover , so i l  dra inage , the installation of
v a r i o u s  ar t i f i c i a l covers , etc.

In a reg ion at I r evalence  of permafrozen rocks the f i s s u r e s  fo rming  in the
w i n t e r  in the s u r f a c e  layer  of seasona l t h a w i n g  can pene t rat e  to  d i f f e r e n t
depths in d i f f e r e n t  f r o s t - t e mp e r a t u r e  zones.  Thus f r o s t  cleavage f i s s u r e s
in the rocks of a seasoaally thawed layer extend to its base at temperatures

i~~f -2 and -3 (in sandy b arns and peats) or to -4 and -ô (in sands , pebbles
and rock debris-gruss formations). At lower va lues of t they penetrate the
frozen rock mass. During the spring flood and melting o~ snow the tempera-
ture of the walls of gap ing fissures in the frozen rock mass remains suffic-
ient ly low and the water falling in them freezes rapidly, cementing the fis-
sures and transforming the frozen rock mass again into a solid mass. The
repeated alterna t ing frost cleavage and cementa t ion of the fissures by ice
leads to the development of polygona l systems of ice veins representing an
aggregate of elementary veins. The vertica l extent of such ice veins some-
tim as reaches 40 meters at a transverse thickness of up to 6-8 meters , at
average dimensioas of 12-24 and 4-6 meters respectively.

The polygonal vein formations forming as a result of processes of frost cleavage
are represented by ice and soil veins. In that case, depending on the con-
ditions of formation , on the basis of the correlation of the ice and soil
parts of the veins N. N. Roinanovskiy (1972) distInguished four types of
polygonal-vein formations (see Figure 52).

1, Prlmordially soil veins forming in seasonally thawed and seasonally frozen
layers as a result of per iodically recurrent processes -- frost cleavage ,
the formation of elementary ice veins , and their thawing and filling with
rock.

2. Ice veins forming in a frozen rock mass , below the seasonally thawed zone.
Polygona l-vein formations with vein Ice are two-stag e forms: the upper stage
is of soil and has the features of pr imordially soil veins , and the lower is
of reopened-vein ice. That type includes ice-soil veins which are variations
of the development of ice veins.

3. Pseudomorphoses on ice veins wh ich arise as a result of thawing of vein
ice and filling of the space with overlapping deposits.

4. Primarily soil veins of sandy composition , forming in zones of wind ac-
tivity in winter during the pouring of sandy and fine gravel materia l into
open frost cleavage fissures.

/Latitudina l zonation of processes of frost cleavage fissure formation!. The
dependence of polygonal-ve in formations on the teu~ erature regime of the rocks
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determines their zon,il character , the presence of t r ans i t i onal f orms from
the first to the second type often within the limits of a single polygona l
system or systems arranged in a row. For various litholog ical-facial vari-
eties of rocks that transitions Is accomplished In different temperature
regim es (Figure 120). Simultaneously with that on latitudina l zonation

r * g u l a r i t i e s  is superposed the inf luence  of a continenta l character of the
clima te and structura l geolog ical features having a regiona l , azona l char-
acter.

in th~ first frost-tempera ture zone the process of fissure formation dur ing
favor able conditions is developed mainly on sections on which permafrozen
rock masses are prevalent. They usually are absent on taliks. The necessary
temperoture gradients for the formation of frost cleavage fissures are ob-
served in that zone only in regions with a sharply continenta l climate. The
process of fissure formation here is connected with the formation of pr imor-
dialby snUveins and extremely rarely with reopened-vein ices.

In frost-temperature zone II the processes of frost cleavage fissure forma-
tion also are developed under the conditions of a sharply continental climate,
are. concentrated mainly In sections in wh ich perinafrozen rock masses are pre-
valent and , as a rule, do not lead to the formation of reopened-vein ices.
Al so widespread in that zone is the formation of pr imordially soil veins.

In frost-temperature zone III frost cleavage fissure formation is widely de-
veloped , and depending of the combination of the temperature reg ime and the
continental character of the climate on separate sections predominates the
forma tion either of primordially soil veins or of ice veins. Characteristic
of that zone is the formation of two-stage veins, the lower part of which is
of ice and the upper , of ten  predominant , is of soi l .  The size of the poly-
gona l la t t ice  var ies  as a funct ion of the conditions f rom a few meters to 10
or more.

Wi thin frost temperature zones IV and V favorable temperature gradients for
the formation of frost cleavage fissures are noted almost everywhere with the
exception of reg ions  wi th  thick snow and moss covers. Cleavage occurs most
intens ively under the cond i t ions  of a sharp ly  con t inen ta l  c l ima te , when the
dimens ions  of polygons reach tens of meters.  Under condi t ions  of a m a r i t i m e
c l i m a t e  the dimensions  of a polygona l gr id  increase. W i t h i n  the l imi t s  of
flood pla ins, and also of coastal-lake and coasta l maritime sections , frost
cleavage f i s s u r e  format ion leads to the f o r m a t i o n  of reopened-vein ices, The
thickness of those ices dur ing the inten s ive accumulation of deposits can
reach severa l tens of meters. On high elements of the re l ie f  mixed veins  of
ice and soil form.

4. Regu la r I t i e s  of the Formation and Prediction of the Development of a
Thermokarst

A thermokarst forms in connection wi th  the thawing of subsurface ices. This
phenomenon is accompanied by subs idence of the surface of the ground , the
formation of nega tive forms of the relief and their being awamped. In the
absence of runoff  of the water , thermokarst lakes form in lows , and when there
is intensive runoff  -- a dry therinokarst low .
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Figure 120. Zonation of vein formations accord ing to N.
N. Romanovskiy (1972). A - Type of seasona l thawing by
temperature of rocks B - C omposition and mois ture  con-
tent of deposits C - Primordlally soil veins D - Pr i-
mordially soil veins and reopened-vein ices in single
polygona l systems E - Reopened-vein ices
a - Name b - Trans itiona l c - Semi-trans itiona l d -
Long-stable e - Stable f - Arctic
1 - peat, strongly paatlfled , sandy b arns and loams 2 -

silty sandy b arns and b asis, aleur ites 3 - sands , f ine-
gra ined and silty 4 - medium and coarse-grained sands
5 - gravel-pebble deposits, crushed stone, gruss.

In both cases the development of the thermokarst proceeds differently. In
the formation of a lake there always is a progressive development of the
thermokarst either to the complete thawing of the permafrozen rocks or to
the formation of a stable thawing basin and the establishment of a steady
temperature regime, Complete thawing of the rocks is noted in that case if
the transverse dimensions of the lake are larger or of the same order of mag-
nitude with the thickness of the frozen rock mass and the depth of the lake
exceeds the depth of winter freezing. In that case, if the thickness of the
frozen rock mass considerably exceeds the transverse d imensions of the thernio-
karst lake, under it forms a stable thawing basin. Before establishment of the
regime the dimensions of the lake and the talik under it can have a different
dependence. Then, if we know the depth of occurrence of the frozen rock mass,
w ith the Stefan formula (3.7.7) It is possible to approximately determine the
length of existence of that lake.

Tw o princ ipal conditions are necessary for the formation and development of
a thermokarst: 1) the presence of underground ices and 2) the depth of the
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seasona l thawing of the rocks must exceed the depth of occurrence of the
subsurface ices. The development of the process of thawing of the basement
rocks under a thermokarst lake is observed apart from a dependence on their
ice content. In the case of a dry thermokarst low the process often is sus-
pended even in the presence of subsurface ices and is renewed only in iso-
bated years.

A reason for difference in the development of a thermokarst Is a covering
layer of water, which leads to warming of the underlying bottomset beds (see
section 5, Chapter 5). With increase of the depth of the body of water its
warming inf luence on the bottomset beds increases. Therefore the progress-
ive development of thermokarst lakes under any conditions , even very dry
ones , is easily explained. Having once formed, in each subsequent sumer
the therniokarst will develop more intensively than in the preceding one
until the subsurface ice is completely thawed and a lake is formed.

Since in the formation of dry thermokarst lows the ‘-~rocess can be damped ,
there follows the important practica l conclusion th~ the struggle aga inst
the harmful aftereffects of a thermokarst assumes above all the drying of
the surface of sections where subsurface ices and strongly icy soils lying
near the base of the layer ~ are widespread.

Reopened-vein ices are widely developed in northern parts of the region in
which permafrozen rocks are prevalent. On sections where the depth of ices
is close to the depth of the seasonal thawing of rocks, thermokarst starts
to develop when there are relatively small changes of the externa l conditions.
Thus , for example, the clearing of a forest (Figure 121), the construction
of a highwa y (Figure 122), etc, lead to the development of a thermokarst even
when the average annua l temperatures of the rocks are low. The form of
thermokarst lakes depends on the conditions of occurrence of the reopened-
vein ices.

On sections with intensive runoff baydzherakh i (hillocks rema ining after de-
glaciation ) of conic shape form, usually arranged in the manner of a checker-
board (Figure 123). On sections of watersheds with hindered runoff of water
the forms of the baydzherakh i are flat and their height is considerably less
than that of the con ic ones (Figure 124).

In southern areas of the region in which permafrozen rocks are prevalent this
variety of ice is rarely encountered or is completely absent. Subsurface
ice bodies in those regions consist mainly of segregation ices of a schiteren
lenslike bedding. Those ice bodies are epigenetic and their formation is con-
nected with moisture migration during the freezing of rocks. The depth of
occurrence of those ice bodies is most often greater than that of the suiimier
thawing of rocks. Therefore in such regions the start of the development of
a thermokarst often is connected with the overall process of degradation of
permafrozen rock masses.

Thus the development of a thermokarst can be both regiona l, aris ing as a re-
suit of planetary secular changes of heat exchange, and loca l, caused by
loca l changes of the thermal regime of the rocks as a result of limited
changes of natura l conditions, Such local phenomena of a thermokarst are
often caused by the produdtive act ivity of man.
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~ igure 121. Thermokarst  which began to develop after a
forest was cleared.
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Figure 122. Theriuokarst which began to develop after the
highwa y from Kular to the bank of the ‘la na was built.
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Figure 123. Baydzherakh i on the slope of the Mus-Kha y
outcrop on the ‘lana River .

-~~~~~ -

-l

Figure 124, Baydzherakh i on the fla t surface of a lake-
alluvia 1 plain (Q111 ).
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I t  f o l low s  f r o m  what has been sa id that in frost geolog ica l engineer ing in-
v e s tig a t i o n s  for  the purpose of c omp i l i n g  a forecast  of the f o r m a t i on  of a
therm- karst  in connect ion with the op ening  up of t e r r i tor y it is necessary
to s tudy  in d e t a i l  the f ros t  c h a r a c t e r i s t i c s  and c o r r e l a t io n s  of the depth
of occurrence of underground ice and the th ickness  of the layer of seasona l
t h a w i n g  as a f u n c t i o n  of a corm. lcx of component s of the na t u r a l  envi ronment
(see Chapter 5). All those changes of the na tura l conditions which cause
a-i increase of the depth of seasona l thawing of rocks lea d to the formation
and development of a thermokarst.

Estimation of the P o s s i b i l i t y  of the S t a r t  of Development of a Thermokars t
Process (Example 50)

Determine the possibility of the formation of a thermokarst in the following
cases: a )  e l eva t ion  in separate years  of the average a n n u a l  a i r  tempera-
ture  by 1.5

0 and b) increase of the amplitude (physical) of fluctuations of
the air tempera ture by 5

0 If It is known that soils with a large amount of
schlieren ice occur from a depth of 1.6 meters.

The natural climatic conditions are characterized by the following avera ge
p~rennia l data : tair 

= _8.7o, Aair 
= 21 , z = 0.5 m, 

~
‘sn 

= 0.22 g/cc.

The soils in the layer of seasona l thawing are composes of b arns with w
30%, w = 

~~ 1200 kg/cm 3; Cspec 
= 0.19 kcal/(m )(degree), 

~~ 
= 1.0

kcal/(m)(hr)(degr ee), Cvoi t 
588 kcal/(m )(degree), Q~ 22 ,080 kca l/m

Solution, 1. We determine t and ~ during elevation of t . by 1.5° in
o t air

relation to its average perennia l va lue:

~~~~~II ~~~ ~~~~~~~~~

~. 7 ~ , -

2: — T , 4 - 1 .Thi .

Under those conditions ~ according to a nomograni (see Figures 15 and 17) is
equal to 1.55 m•

2. We determine the temperature regime and depth of seasona l thawing of rocks
during increase of A

air 
by 5 In relation to the average perennia l amplitude :

—
~~ 21 — 

~~~ “c~ ~ 0 , 259 ( 1 ,

t
~ 

— 8 ~7 . ( I S 7 2 . 1,, 2 1  ,.7 ~~~~
The depth of the thawing of rocks under those conditions reaches 1.8 in, Thus
dur ing elevation of t ir by 1.5 the depth of seasona l thawing  does not reach
the depth of occurren~e of icy grounds, and dur ing increase of A ir by 5° at
a value of t equa l or close to its average perennia l value a 

(-8.7 )
the thawing °~~ibraces the icy hor izon, wh ich leads to the formation of a
chermokars t.

382



- , • l• ~~~~~~~~~~~~~~~~~~~~~ -~~~ •~
4 _  ,

~— 5-5 -5--- - 
-

Measures necessary for the prevention of a thermo karst  are reduced primarily
to va r ious  k inds  of f i ll i n g s  which are carried out so tha t the depth of the
seasona l thawing does not reach the underground ices. Such fillings can be
ca lcu la ted  as fo l l ows .

Calculation of the Height of Fillings of Soil to Prevent the Development of
a Thermokarst (Example 51)

Determine the possibility of the development of a thermokarst during the re-
mova l of the plant cover and calculate the height of the filling of the ground
to prevent It if dur ing a frost survey the following data were obta ined. The
construction site is situated on a lake-alluvia l p lain composed fr2m the sur-
f ace of b arns wi th 

~~k 
1000 kg/rn3, w = 35%, Cv 1  ~ 

= 530 kcal/(rn-’)(degree),

20 ,000 kcal/in
3
, 
~~ 

1.0 and 1.2 kcal/(m)(d egree)(hr). The persia-

frozen rock mass in the upper part of the profile is composed of loams with
freq~ ent schlieren of ice w~th a tota l moisture content of 60%, ~ k 

= 800
kg/rn , C 760 kcal/(m )(degree), Q = 40,000 kcal/m 3, A S C. 7 and

F 
= 1.0 kcal/(m)(degree)(hr), The average annua l air temperature Is -10.6°,

t~ie annua l amplitude of the air temperature is 21.5 , and the height of the
snow reaches 0.5 m at a density of 0.22 g/cc. The p lan t cover , consisting
of moss-underbrush cover , Increa ses the average annua l temperature by 0.3
and reduces the amplitude of the temperature fluctuations on the surface of
the soil by 2.2°.

When the plant cover is removed , on account of reduction of the albedo of
the deuuded surface the annual average temperature of the soil is elevated
by 0.9 , and the ampl itude in that case is increased by 2.5°.

Solution . 1. We determine the temperature regime and depth of seasona l
thawing of the ground under natura l conditions :

21 ..

101 , 0 ~~~~~

.1 ) .1~ \t~, \ 1 , -21 ,~ 2~

Wi th a nomogram (Figure 33) we find the temperature shift in the layeg of
seasona l thawing. W~ th the starting parameters to 

— _ 4,7
0
, A 13.7 ,

C
i t  

530 kcal/(m )(degree), A~ 
1.0 and A f — 1.2 kcal/(~ )(degree)(hr),

and = 20,000 kca we obta in ~ 0.4°. Consequently, t~ -5.1°.

Wi th a nomogram (Figure 17) we determine that under natura l conditions
i ~ 1.0 in.

2. We determine t~ and ~ with the p l a n t  cover removed to make clear the pos-
sibility of the development of a thermokarst:

~~ I 
. \c ,~ tO o . 1 0  0,9 — ~~4 ,10 ;

~ ‘21 ~ 
— I I ~
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in  the first year , a f t e r  remova l ‘f the p l an t  cover , in t he  b aye r  of annua l
t ern ; era ture  f l u c t ua t i o n s  there  w i i i  be an u n s t ea d y  reg ime of the  t empera tu re
f i e l d :  the a ver a g e  annua l  ti-rn 1 er a tu re  on the  s u r f a c e  of the s o i l  w i l l  be
0. 6° h i g h e r  (!..7 - 4 .1) and i t the depth of the  seasona l t h a w i n g  w i l l  rema in
equa l to _ 5~~jO • The in fluence  of the el e v a t i o n  of the annua l  average tern-
r ur a t u r e  of the s u r f a c e  on the  depth of the seasona l t h a w i n g  in t hat  case
can be c a l c u l a t e d  s i m i l a r l y  to what is done in t he  c a l c u l at i o n  of the poten-
t i a l  seasona l f r e e z i n g , tha t is , the d i f f e r e n c e  ~~t of 0.60 

shou l d be added
to  the  v a l u e  of t he  amp l i t u d e . Correspondingly the depth of the seasona l
t h a w i n g  of the  ground in the f i r s t  year a f t e r  remova l of the  cover must be
ca l c u l a t e d  a t  t~ 

= _ 5 .1
0 and A 19 • Since the depth of thawing in tha t

case is increased  and embraces the upper hor izon of the p e rmaf rozen  rock
mass , it is necessary to take  i n to  account  the  change of the  ice con ten t  and
the propert ies  of the ground in d e t e r m i n in g  the s t a r t i ng  d a t a  f o r  f i nd ing  ~
W i t h  the method of wei ghted averages , as suming  tha t the depth of t h a w i n g  in-
crease3 by n ot  more than 0.5 meter , we find that

- ~~~~ 
~~~~~~~~~~~~ 

- (~~I l  K - 5

1 .5

0 ~~~~~~ •.~~•~~,“ u 1 ) - ? J c , 0
250 2~~00O i~~~; ?

W i t h  those da ta , w i t h  a nomogram (F igure  17) we f i n d  the  depth of t h a w i n g :
= 1.44 ~~~ = 1,4 m,

Consequently, when the plant cover is removed the depth of ti-ic seasona l thaw-
ing of the ground in the very f i rs t seas on wil l  increas e by 40% in relation
to the depth under natura l conditions . When the dra inage of the surface is
difficult this leads to the development of a thermokarst , si nce du r i n g  the
thawing of s trong ly iced grounds of a fr~ ben rock mass in the range of depths
of 1.0 - 1.4 ii a subsidence of 0.1 m occurs during the thawing.

3. in determining the height of filling necessary to prevent a thermokarst
one should determine the depth of the seasona l thawing of the soil forming
under new and changed conditions In very warm years. if in the analysis of

the climatic data (for the last decade or a longer period of years) it turns
out tha t a very warm year from the point of view of a hi gh average annua l
temperature is characterized by a small amplitude, then it is preferable
for calculations to select a year characterized by a very long and hot suiriner
and a very large amplitude of fluctuations (even if the average annua l tem-
perature remains on the level of the average perennial). In selecting a warm
year one can be guided by the fact that the elevation of thi average annua l
temperature of the ground by 10 and an increase of the amplitude by 20 brings
each separately to an ident ica l increase of the depth of thawing .

Under the conditions of the given reg ion the steady temperature field after
removal of the plant cover will be characterized by: A = 18.4 and t
— _4.8

0 (since under the new conditions 
~~~~~ 

0.7°). °

According to climatic data in separate warm years ~wh ich recur twice in a
decade) t

1 
increases by 20 and A increases by 6 • The height of the snow
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in those years is close to the average perennial norm, that is , about 0.5 in.
In  tha t case the temperature cond i t i ons  on the surface  of the so i l  w i l l  be
characterized by:

t ~-~~l,° .1 , 2-1 :0; 
~~ 

1 ,5•0 ,25 ’t 6 ,-I’ ;
Nil (‘,,3 -  0,9 1 , - I ;  I I 24 ,5 2 ,5 - ~u-1 20,7’.

In c a l c u l a t i o n s  of the  depth of the seasona l thawing  in w1~rm years t j~ is
assumed to be _4,80 in accordance with the new steady temperature regime of
the rocks. The elevation of the average annual temperature on the surface
of the soil (from -4.1 to -1.4 ) is taken into consideration in A :

.-l~ 
20 ,7 - 2 ,7 - 21, r.

The properties of th~ grounds in the layer of thawing are assumed to be :
C

i t  
530 kca1f(m’~)(degree), 

~~ 
1.0 kcal/(M)(degree)(hr), Q~ 

= 20,000
kcal/m3 (it is assumed that the grounds of the upper part of the profile of
the rock mass , in density, moisture content and thermophys ica b properties
after repeated thawing and freezing, in the period of establishment of the
new temperature regime become similar to grounds of the layer 

~ 
formed be-

fore remova l of the plant cover). With a nomogram we find that ~ 1.9 in .

Consequen t ly,  to exclude the p o s s i b i l i t y  of thawing  the upper hor izon  of icy
permafrozen rock mass the height of the f i l l i n g  of the soil must be not less
than (1.9 - 1.0) + 0.2 1,1 in (0.2 is given in reserve , as the f i l l i n g s
wi th t ime will be lowered as a result of packing of the soil , denuda tion, etc).

In the process of development of a thermokarst, bodies of water with permeat-
ing and non-permeating taliks can form. The forecast of the formation of
those taliks and their development in t ime, and also the change of their con-
figuration , can be determined as was shown in Chapter 7.

Of great importance for the development of a thermokarst and the f o r m a t i o n
of bodies of water is the water balance. When the runoff and evaporation
exceed the arriva l of moisture (through preclpitatlons , surface runoff and
water from the thawing of underground ice), a thermokarst body of water dries
up • In that case the temperature regime of the bottomset beds changes sharply
in the direction of lowering of temperatures. When the body of water has
dried comp l e t e ly ,  permafrozen rock masses start  to form aga in.  The new for-
m at i o n  of fros t can be ca lcu la ted  as fo l lows .

Calculation of the Thickness of a Layer of New Formation of Frost After the
Drying Up of a Thermokarst Lake (Example 52)

Dur ing  the dry ing  up of thermokarst  lakes on a lake-a l luvia l p l a i n  composed
of loam-sandy loam frozen rock masses of depos its, non-permeating taliks under
a lake start to freeze. Determine at what depth of the bake the bottomset
beds start to freeze and at what depth they freeze after 25 years if the fol-
lowing data are known : t ir 

— -10.6 A 1~, 
— 23.5 , z 0 

— 0.3 in, — 0.22
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g/cm3
, H 1 

— 2 m • The bottomset beds consist of silty b arns; during f r e e z i n g
they acqu~~ e a fine-schlieren multilayered cryogenic texture characterized by
a tota l moisture content of 55%. Frozen b arns have the f o l l o w i n g  prSPerties :

~ sk — 800 kg/ rn 3 , ~ — 1.2 kcal/(m)(degree)(hr), Cvolf  400 kcal/(m )(degree),

— 36 ,000 kca l/m3
. The temperature reg ime on the surface of the bottomset

b~ ds is determined by the following conditions : in the course of the first 5
years  f rom the moment of s t a r t  of f r e e z i n g  a l aye r  of water  with a thickness
of 0.3 in on the average is preserved in the lake basin. After complete dry-
ing the height of the snow cover in the ba sin increases t o  0.5 in.

Solution. 1. We calculate at what critica l depth of a thermokarst lake the
perenn ia l f r e e z i n g  of the bot tomset  beds can s t a r t .

The temperature  reg ime on the sur face  of the body of water  under  the  snow
is determined:

~~~~~~~ 
23 ,5 - 0 , 1~~1 35,

1- , , - 10 ,6- - - 3,~ (‘ 6”;

-1 . - 23 ,5 — 3 , 5 15 ,7’,

1~. ,,~ I 2 .9’ ; 
~~~1 • 1  

-

The depth of the body of water at vhich the average annual temperature is
zero is determinable from the equation

I ‘h, 0  = /i,( 1  ± ~~~~ = 2,0~ I - —  —
~~

- -- 1 0- 
‘MII H J 23 , 5 / -

Consequent ly  when the  water level In the lake Is reduced to 1.0 in or more
the  bottomset beds s ta r t  to f reeze , wi th  the  fo rmat ion  of a p ermafrozen  rock
ma s s.

2. We determine the average annual temperature on the surface of the bottom-
set beds which a)  is establ ished at a depth of the body of water of 0.3 in
and also b) in the case of complete drying of the bake at a height of the

• snow of 0.5 m:

2,0 —0 .3 (-- 26,5) -
~~

- 12 ,9
2.fl 

____ - --48 °21 1,_ ~ 3 ‘-. ~~~~~~~~~~~~~~~ 
-— S

~~~ ~~~~~~~ 
- - 2 ~ .5-0 .239 ~ 6 , )

~; t - - — 10 , 6 -
- 6,0 - . - 4,6° .

As is evident from the calculation , the  average annua l t empera ture  of the
surface of the deposits will change in t~e course of 25 years from -4.8 to
-4.6 • We will take the value t — -4.6 for calculation of the depth of
the permafrost.

3. The thickness of the new formation of permafrozen rocks can be calculated
by the method of exact solution of the Stefan problem (Chapter 3). For ap-
proximate calculation we use the approximate Stefan formula (3.7.7)~
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C o n s e q u ent ly ,  a l ayer  of permafrozen Looms w i t h  a h igh  ice c o n t e n t  and a
th ickness  of 5.5 meters f orms In 25 years .

During the formation of permafrozen rock masses the w .3ter-bearlng horizon in
a non-permeating talik becom es interfrosta l and acqufres a large head. Ir-
regularity of the drying of the Lake and subsequent freezing of the  rocks has
the result that in p laces not yet dried or where the  t h i cknes s  of the  rock
masses is minima l from the su r f ace  the ground bulges  and  la rge  hummocks --
bulgunnyakh i -- form. The hummock size reaches 30-50 meters in height and
200-300 meters in cross section with ice lenses in the  hummock of 30-40 meters.
The possibility of the formation of such bu lgunnyakh i can be calculated and
an 5ip~-rox imate estimate made of the ir dimensions as was shown in examp le ~2.

/DistInctlve features of the formation of a thermokarst in different lati-
tudina l zones and geostructural regions!. The character of a thermokarst is
determined primarily by the genesis and conditions of occurrence of the under-
ground ices and the latitudina l ionat ion of their prevalence. The develop-
ment of a therrnokarst also depends substant ially on the ratio of the cIc~ ths
of occurrence of the underground ices and the depths of the seasona l thawing
of the rocks. That dependence has the result tha t the latitudina l zonation
of a thermokarst is determined also by the latitudina l zonation of the seasona l
thawing.

As is known, the latitudina l zonation of the prevalence of underground ices
is characterized by the fact that dur ing movement from south to north in the
upper part of the profile the ep &genetlc ices are rep laced by syngenetic.
In frost-temperature zones I and II ep igenetic ices are ~reva lent everywhere
in the form of both ice-cement and separate schlieren and lenses of ice. As
a ru le , those ices are confined to the uppermost horizon of perlllafrozen rock
masses (within the range of I or 2 tens oL meters).

In the indicated zones the thermokarst is connected with the thawing of epi-
genetic ices in finely dispersed ep igenetic frozen loose deposits. Usually

- • they are deluvial and eluvia l deposits , alluvial flood-plain and ox-bow
fad es, alluv ial-lake and coastal-lake deposits of watershed plains , g lac i er ,
ma inly moraine , deposits , and also marine deprslts consisting of clayey and
loamy varieties . The form of a thermokarst is determined by the conditions
of occurrence of the ices. The bedding of the ices in the form of separate
lenses causes the formation of small basin-like lows and small lakes (with a

• diameter of tens of meters) with a small depth. A characteristic feature of
- - a thermokarst of that type is the group arrangement of lakes on relatively

large areas, measured in tens and hundreds of square kilometers. In that
case the separate lakes are divided by isthmuses , relat ively dry, composed
of deposits  conta i n i n g  l i t t l e  ice. The farniatioii of a thermokarst in zones
I and I I  Is very o f t en  connected w i t h  the  th aw i n g  of permafrozen rock masses.
The dynamics of the  layer of seasona l t h a w i n g  of rocks lead mach more rarely
to the formation of a Lhermokarst.
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In ,Y’iieS IV and V a therin k. rst is connected with tJ,e t h aw in g  ma i n l y  of re-

~ I l e d - V ’  in ices in s’,’nk en e t  ico 1 ly  f ro z e n  rock masses.  A s~ cc If ic feature
of th . b e d d i n g  of t h o S .  i c es  is t h e i r  d i rec t  l ’ c a t i o n  a t  t he  base of the
se,i sofa I I ,  t ha \~ . d layer , in connect  ion w i t h  wh i c h  a ver y s l i ght  i nc rease  of
the  d.’- th ~f t h e  suniner t h a w i n g  of rocks , as a rule , leads t o the formation
of a therinri k , ir s t .  Ep igenet  Ic Ice ., in f r o s t - t e mp er at u r e ’  zones 1V and V usuall y
,ire at gr~ . it . depths (20-3 0  m e t e r s  r mor e )  and t h e r e for e  ca n n t be of g r e a t
in . rt,-~nce in t h e  fnn~~t ion of a t hermoka r s t.  S y n g en e t i . c ices a r e  con f i n e d
t o  th e  f 1 ’ ’ d - ~ .l o  in f a c i e s  of a l l u v i a l  de~ o s i t s , the  Coasta  1 - l a k e  f ad es of
l ike a n d  t h e  Co ,,std 1—ma r inc fad es of m a r  m e  deposits. Reopened-ye In Ices
arc r . vo lent  ma in ly  in f i n e l y  d i sp  r sed var let les of those  dc~ OS itS.

~ i t h in  the L i m i t s  f the ~ones under c o n s i d er a t io n  the depth f the seasona l
t h aw i n g  is very s m a l l , and so the re ’t e n ed - ve in  ices a re  at  a dc~~th of s eve ral
t e f s  of cent  i n iLt or s  f r o m  the s u r f a c e .  A ve ry  s l i ght change on the s u r f a c e  of
t h e  so i l  ( d i s t u r b a n c e  of the  p lant cover , change of the snow height , change
of th e  m o i s t u r e  c ’n t e l l t  of the s o i l s  in the  s e a s o n a l l y  thawed layer , e tc )  can
l e a d  to the  s tar t  of f or m a t i o n  of a t h e r mok ar st .  The t h a w i n g  of ices , sub-
s idence  f the surface and the  f o r m a t i o n  of water  bodies lead to  a wa rming
e f f e c t  of the  l aye r  of water , as a r e s u l t  of which  the average annual tempera-
ture of the rocks is elevated and the depth of the seasona l thawing under the
water body increases .  Thus  the forma t ion of a thermokarst lake creates  favor-
a b l e  conditions for the further deve lopment of the process.

,\ t hermok a r~,t in frost-temperatur’~ zones IV and V can also form during Irregu-
lar sea s”~ ol tho~~ing ~f strongly iced syngenetic frozen solifluct 1-ma 1 depos-
its and strongly iced coastal-lake- and alluvia l deposits with layered cryo-
genic textures. The foriit; of the thermokarst in tha t case are very different
and often ar* determined by the character of the production activity.

In  fr ) st - t c J r r r , e r a t u r e  zone I I I  the f o r m a t i o n  of a the rmokars t  th rough the
t h a w i n g  of e~- i gc net i c  ices weakens  and’ a lmost ceases c o mp l e t e l y .  S i m u l t a n e -
ous ly  w i t h  t h a t  a t he rmokar s t  f o r m i n g  on account of the thawing of reopened-
vein ices also is not widesprea d , as those ices are encountered extremely
r a r e l y  in the z ne. In zone  I I I  a thermok ars t  occurs mainly on sections
a n o mal o u s  for that zone . On sec t ions  w i t h  a t empera tu re  reg ime of rocks
characteristic of zones I and I I  the development of a th ermokars t  is l i n k e d
c i t h  the t h a w i n g  of ep i g e n et i c  ices .

I h e -  spread and  cha rac t e r  of a t he rmoka r s t  a re  e s se n t i a l l y  d i f f e r e n t  in d i f -
f e r e n t  g eo l o g i c a l s t r u c t u r a l r eg ions .  I t  Is  most widespread  on l o w l a n d -p l a I n
territori es composed of a thick mass of loose sed iments.  In reg ion s of s o l i d
rocks a thermokarst is not widesprea d m d  is confined mainly to alluvia l ter-
races , and more rarely to u1 land terraces . In that case the origin of a
the-rmokarst is connected with the thawing of buried and sollfluctlona l ices ,
and also with the thawing of burled glaciers.

5. Processes of Therma l Abrasi on and Prediction of Their Development

Therma l abrasion is a process of destruction of the coasts of n o r t h e r n  seas ,
lakes and rivers composed of p e rmaf rozen  rocks , occurr ing as a r e su l t  of the
mechanica l and therma l action of water , and also under the effect of the hea t
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air T f l a s o e - ,. l’ht-rma l ohm s i’)fl iS ii te-d If t i . .  coa s t s  of northern seas,
~ lowlands near the’ Scsi and in iiiterniounta in area s composed of icy de1’os its
‘f a d i f fe r e n t  genes is. Therma l abras ion is a spec If Ic phenomenon for a
region f ernufroz,en rocks and  is l i n k e d  w i t h  reg ions  whe r e  u n d er g r o u n d  iceS
ma i n ly  of the re-or- c’iie:I—ve in t yp e a re  r ev ,  lent .

During therma l abras ion , is a r e s u l t  of the summary therma l effect (If the
ma in f a c t o r s  d e s t r oy i n g  coas t s , t h aw i n g  of rocks on steel , often er~ endicular ,
s19;es occur s. Then  forms a layer of thawed strongl y moistened rocks  which
t i t h e r  s l i d e  to the  base  of t h e  slo( e on t he  s u r f a c e  f a f r o z e n  rock  mass Un-
( ic r  t h e  e f f e c t  of the’ force of g r av i t y  or a r e  wa shed  awa y by the  surf  ~nd
d r a i n i n g  st r eams  of mud.  M 0rc’ o f t e n  a combined  e f f e c t  is noted , when the
lower a r t  of a slol e Is washed  awa y by waves and  dee’1 n iches  a r €  washed out
in a c o a s t a l  scar ~ . T h i s  causes c a v i n g  of masses of thawed ground making U1
the a: er part of the slol t’. In contrast w i t h  o r d i n a r y  a b r a s i o n  of coasts ,
dur ing thernu 1 abra s ion the  c a v i n g  of c oa s t a l masses of rock leads to denuda-
t i o n  of t he  f r o z e n  ground and  i t s  sub~~e ’q u e n t  in tens ive t haw i n g .  The i n t e n s i t y
of th~ J rodesses  of therma l a b r a s i o n  is d e t e r m i n e d  by the c o n d i t i o n s  of bed-
ding f the’ lermofrozen rock masses , t h e i r  ice con ten t  and c ryogenic  tex tures ,
the c h a r a c t e r  and  r eg ime  if the water bodies and climatic characteristics (the
d i r e c t i o n  of the  1- r ev~-. i l i ng  winds , the  charac te r  of suniuer I r e c il i t a t ion s  and
snow accurnu lot  ion and the c o nt i n e n t a l cha rac t e r  of the Climate).

B e s i d es  the above indicated f a c t o r s , of grea t importance are the d imensions
of ~cc ve ins  and the d imensions of the l a t t i c e  of those  ices.  When the dimen-
s ions  of the  po lygons  are  la rge  (20-30 m)  d u r i n g  the  t h a w i n g  of relatively
s m a l l  ice v e in s  n ur p e n d ic u l a r  “towers ” f o r m  which when the  n iches  are  washed
out are destroyed and washed away by the water. When the upper and lower
parts of the scarj) have unequa l ice con ten t s , at  the bot tom g e n t l y  slo 1 ing
scarl- s  -- “thermal terraces ” -- can form , and if the activity of the wave-cut
f a c t o r  is n t  In t ens ive  enough here the process if therma l ab ra s ion  can be
da mj ed . When the  ice content of the soils is relatively small , be tween th e
vein  ices , as a r e s u l t  of the i r  t h a w i n g , fo rm ba ydzherakh i which , u~ on being
unloaded , assume the shape of cones (see Fi gure 123). If vein ice lying
inralle l to the scarp is uncovered by therma l erosion , it has the form of a
solid w-a l~ of ice.

In estimating the’ stability of coasts and the intensity of the processes of
therma l erosion it is necessary above all to determine the geomorphologica l
and stratigraphic-genetic classification of the rocks m a k i n g  up the  permaf rozen
rock coasta l masses, the presence, character and genesis of the underground
ic es , their extent , bedding and d imensions , and ilso the intensity of the
coasta l marine abrasion.

The therma l abrasion of the shores of thermokarst lakes , in contrast with the
therma l a b ras ion  of seacoasts , is charac te r ized  by the f a c t  tha t  the e f f e c t
of the surf f a c t o r  is sharp ly reduced and the t ranspor t  of thawed mater Ia l
in to  the depth of the  lakes on account  of s l i d i n g  ( f l o a t i n g ) of loose mater-
ial al ong the surface of the gentle slopes of the lake bottom predominates ,
and also the work of Currents of ra inwater and floodwaters. A characteristic
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feature if th th’vi lci 1 r n e i t t  -f thcrmok, r .t laV& - s in t h e  n o r t h i . m n  m d  n o r t h —
caste r im a r t - - i f  t h e  coun t r y  i s  t h e -  s i m u l t a m n  i i U ~ t h a w i n g  an d  f i r i L t  i : m  a g a i n

- f ‘~v i i gen.  tic ri ’; ene ’ _ I — v ’ i n  ic~ s. h -rm’ i k r t lakes  f i rm in t b -  r’c .- ~s ‘f
the’ thawing ‘f t ’  ‘se ice’s • ~i&-a r the -,h r - ‘ f th isi’ l,mk -s , throug h the slid-
ing  of soils w h i c h  h a v i  t h a w e d  ‘in  t h e  coas ta  I s lo ~ es , fi rm ;h.ill ’ ’ws w h i c h
dur ing subs . huent fr’,’ 1mg of the lake e~fl rg in t h e -  . ;r fa c e  and  ii. g in to free,e.
In the eri i d of t h  f l i o d _ ;  l a i n  r ’ g im e ’  i f  t h o s ,  lake , in th0 sh~~ll’ ’ws ,~ dj—
mmm nts arc de1 ‘sited wli ich mire subjected to syngenet ic freezing , fr - t c lea~’—
a ge’ and the  f o rn ~m t  ii of ice V . - in s in t h em . I hu -

‘ in ‘ni- art - f t h e  a in sy
lakes an inten ’-, ive ’ ; roco,,s it thernim 1 abrasion and CX uns i n  if ~~~. lake ’ is
observed , and in another , usually op~ o sit e , r i c t - e ds the  r o c i ss  - if -,c d  m en —
t a t  i n  and  t he  f o r m a t i o n  if syngenet Ic e ’rm n fr o z en  r ick n~m s se s  • 1 ’ -~rma 1
abr~-ms ion is usua l l v  n o t e d  on coasts with a southern ox1 su r e  and  on w i n d w a r d
slol’es , where the e f f e c t  of the surf factor is manifested very intensively.
l i me  f o rm a t i o n  of p e rm a f r”-zcn  rock masses and encroachment of the  coast  a r e
n ot e d  on t he  opposite side. As a r e s u l t  if the noted 1 rocesses a migration
of alasy [denres s ions  iii  t he  ~ e r gc l i s o l~ t h e r m o k a r s t  l akes  i - , obse rved.

It is obvious  t h a t  the  e f f e c t  is very imp o r ta n t  in the genera l eva luat inn if
crv’’geologica l engineering conditions and , in particular , in ci’m1 i l i n g  a fore-
cast of the development of therma l e ros ion  in reg ion s  of the  r o d u c t  ion open-
ing up of sections and the p lacement of structures. It is na tur~il that in
tha t  case the  b a s i s  for  such a fo recas t  is stud y of the distr ibution of gen-
e t i c  geolog ica l c m ~ lexes of rocks and t~rj - e s  of f r n z e n ,r o c k  masses , t h e i r
tent er a t u r e  regime , the ’ ice content and conditions of bedding or r e op e ned -
ve in ices. Of no l i t t l e  imp or tance  in t he  s t u d y  of the dynamics  of thermo-
k a rot  lakes  and  the processes of the rma l a b r a s i o n  of t h e i r  shores is the
question of the use of such lakes for agricultura l purposes. In connection
with the fact t h a t w i t h i n  the  l i m i t s  of t a l i k s  on the bot tom of a l a s y  bas ins
the r e  forms a t emperature  regime of the so i l s  wh ich is e s s e n t i a l l y  d i f f e r e n t
f r o m  the c e a s t a l mass and in p r op o r t i o n  to the emergence of the- lake bottom
on the surface the temperatures of- the soils on those sections are held for
a d e f i n i t e  t ime in the  reg ion of p o s i t i v e  va lues .  On account of tha t , in
th~ v e g e t a t i o m  per iod the tempera tures of the so i l s  are so h ig h t h a t  the
soil climate’ roves to be favorable for the growing of agricultural crops
eVen under the conditions of the ~~treme North 

‘and the Arctic. Therefore
in solving 1roblem s iif the nationa l economy it- Is necessary to comp ile a
forecast of the destruction of the coasts , t h e  dynamic s of the d r y i n g  u1 of
swamps and lakes a n d  the change of the moisture and temperature reg imes of
the bot t r im ’,et  beds , arid on the b a s i s  of t h a t  to develop methods of monitoring
and control of the  f ros t  process fo r  purposes of regulation of the soil cli-
m a t e  for  needs of agriculture .

The genera l procedure for c a l c u l a t i o n  of processes of therma l ab ra s ion  and
the destruction of coasts can be illustrated as follows.

E s t i m a t i o n  of t he  R a t e  of Therma l A b r a s i o n  of Coasts Composed of Strongly
Icy Rocks (Example 53)

Observat ions  of the  thermal a b r a s ion  of coasts were conducted during a f r os t
survey on a sect ion of undermined cliff of an o u t li e r  of an old lake-a lluvia l
p l a i n . In the outlier with a height of more than 20 meters above the water
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l ine of a r i v e r , reop ened-ve in  ices a re  exposed , w i t h  enc los ing  dep os i t s
consisting of horizonta l layered silty sandy loans, peatified , wi th thin
layers of fine-grained silty sand. The icy rock mass is cove-red from above
with a layer of solifaction-deluvia l silty sand y loans with a thickness of
2.0-2.5 meters . As a result of intensive latera l thawing there is encroach-
ment of the cliff of the outlier and the formation of baydzherakh i (see Fig-
ure 123) on sections with both a southern and a northern exposure.

Th e clima tic conditions are characterized by: t -14.0°, A = 21
0
,air o air

the average annua l air tempera ture (tair ann 
‘-‘ 5.6 (accorciing to

average perennia l data). The length of the warm period is 3 months

ar 
2160 hours). On precip itous slopes (more than 500) of an outlier

wi~~ a southern exposure the average annua l air temperature on the surface
is 1° hi gher than on horizonta l sections and slopes with a northern exposure
on account of increase of the inflow of direct solar radia t ion.

The c o e f f i c i e n t  of hea t t r an s f e r  on the sur face  of thawing ices , c a l c u l a t e d
w i t h  the data of f i e l d  m i c r o cl i mat i c  observat ions (see example  18) is 11
kca l/ ( m 2 ) (hr ) (degree) .

The observations also established that the surface of thawing ices is cov-
ered periodically for a short t ime by a thin layer of floating solifluctiona l
deluvia l deposits thawing from the surface. On the average the ices are closed
20% of the length of the entire summer period.

Determine the distance wh ich the scarps of an outller with northern and south-
ern exposures retreat in 10 years, counting f rom the time of observat ions .

Solut ion. To ca lculate the amount of therma l abrasion of the coast in the
summer period we use equatIon (8.2.1)

IL - ( , i T  t iC1
/i ,z

where n is tl. -~ r e l a t i v e  length of the period wi th  an open surface of the Ice
on slopes , in fractions of unity. For the given problem n — 0.8.

I . We de termine  the  thickness  of the thawing layer of Ice on slopes w i t h  a
northern exposure. In accordance with the c o n d i t i o n s  of the region , in one
year the thawing is

- .2~L!) h~~,t~~L 33 ~
•

~i) OOO

Consequently, in 10 years the cliff with a northern exposure of an outlier
at places where reopened-vein ices are uncovered , retreats 13.3 meters on the
average.

2 . We determine the thickness of a thawed layer of ice on slopes with a
southern exposure in one year:

,~ 
_ Y-: ’’ L!) :f ~ 

2 _~~ ~~~ ~~~ 

-

(~~) i( )
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Consequently, in ten years the cliff with a southern exposure of the outlier
retreats 15.7 meters , that Is, 2.4 meters further than slope’s with a northern
exposure.

6. S o l i f l u c t  ion and Pred iction if I t s  Development

In a reg ion of permafrozen rocks the processes of solifluct ion are ‘widespread
and are connected with the presence of the permafrozen rocks. A necessary
co n di t i o n  of the  development of processes of s o l i f l u c t i o n  is the  sp ec i f i c
composition of the soils , their moisture content , usually equal to the ab-
solute moisture capacity (or close to it), the presence of slip planes of
the ground and its creep ing. In a reg ion of permafrost a characteristic
feature of covering deposits is grea t siltiaess of the soils. As is known ,
that is connected mainly with ; hys ica l w e a t h e r i n g  of m i n e r a l s  and  ;jrocesses
of coagulation and aggregat-lon of f i n e  c la y e y  f r a c t i on s . When the  t h i ckness
of the seasona l ly  thawed layer is smal l  and the upper b oundary of the perma-
f rozen  rocks in nor thern  regions  has a close bedding , the c o n d i t i o n s  are  cre-
ated for strang moistening of the soils of the seasonally thawed layer. When
they have an exceptionally sil ty composition, such moistening leads to the
formation of soils with a fluid or simnilar consistency. In connection with
tha t the presence of very small inclinations of the upper surface of the per-
nufrozen rocks contributes to the solifluctiona l flow of soils and the thawed
layer of so i l .

Dep ending on small or large change of the strength properties of the soil and
the velocity, the processes of solifluction can be subdivided into: 1) slow
cr eep, 2) plastIc-viscous flow and 3) progressive or liquid flow.

Slow creep of dispersed soil along a slope is accomp l i shed  as  a r e su l t  of
multiple heavings dur ing the freezing of subsequent sediments during thaw-
ing. A schemat ic diagram of such motion is presented on Figure 125. It
is evident on that diagram that as a result of recurrent multiple freez ings
with heaving and t’tawing with precipitation the surface layer of dispersed
soil slowly creeps downward.

Figure 125. Schematic diagram of creep
a / 2 al ong the slop e of dispersed soil during\ m—y,-’ Its mult iple heaving and subsldences dur-

in~~ r f e s ~a~~~~~ a~~~~~~: i _

~~~~~~~~~~~~~~~~~~ \ \ t~ e point m at the start of freezing ,
heaving and subsidence.
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4 There are relatively few data available on measurements of the actua l rates
of s o l i f l u c t i o n .  According to mea surements made b y the D epartment of Geo-
cryology of Moscow State University in the northeastern part of Western Si-
b er i a , and a l s o  according to data of the  I n s t i t u t e  of Geocryology of the
Siber ian Depar tment , USSR Academy of Sciences and foreign invest igators , the
solifluction rate on the average is 8-10 cm/year and only in exceptiona l cases
reaches 30 cm/year on slopes with a steepness of more than 10

0
. The movement

of soils is completed very rapidly on the surface and usually halts at a depth
of 50-60 cm. In cases where slow plast ico-viscous flow changes into liqu id
flow , the rate of movement of the ground increases sharp ly and solifluction
change.; into mud flows and mud -avalanches.

Under natura l condit ions , processes of the flow of the soil are a rather power-
ful geologica l and geomorphological fact or, under the influence of w~iich slop e
deposits form and the relief of the terra in changes. All this can be shown
g r aph i c a l l y  on the example of an i n v e s t i g a t i o n  of s o l i flu c tio n  in the Y e n i s e y
Riv er valley in the reg ion of Dudinka , where it is~ developed on slopes of the
r ive r  v a l l e y ,  gorges and lake bas ins  composed of Sanchugovka g l a c i a l - m a r i t i m e
and Zyryanka water-glacia l silty sandy b arns and -loams . In the layer of
seasona l thawing those deposits have an ind icator of consistency larger than
u n i t y,  that  is , the i r  moi s tu re  content  under na tura l cond i t i ons  of 30-50% is
a lwa ys h igher than t ha t  of . the lower level of plasticity. In the spring and
after s’mmer ra ins the soils as a rule  a~~quire  a li quid consistency. There-
fore even on sections with slopes of 5-7 the f l o w  of ;  so i l s  is observed.

A favorable condition for the intens ive development of s ol if l u c tio n  Is also
the formation of an increased moisture content nf rocks in the base of the
layer of seasona l thawing. The wide distributi on of low-tempera ture frozen
rock mass (t

m 
below -4 ) and low air temperatures (t

1 
-10.3 ) w i t h i n  the

limi ts of a lake-glacia l plain cause freezing of the seasonally thawed layer
in the autumn and winter from both above and below . Moisture migra t ion during
freezing from below leads to the formation of a large quantity of horizonta l
ice schlieren with a thickness of fractions of a cm to 2-5 cm. The moisture
content by weight of the frozen rocks reaches 80-100% during thawing. The
dynamics if the depths of the layer of seasona l thawing under those condi-
tions leads to the formation of heavily iced horizons of permafrozen rock
masses on the boundary with the seasonally thawed layer , which has a thick-
ness of 1 m on the average. On sections of the a c c u m u l a t i o n  of sol . i fluct iona l
deposits the icy hor izons  of the lower part of the layer f change into the
permafrozen state as a result of their bur ial .  The th ickness of the Ice
layer of the upper part of the frozen rock mass increases to 3-4 cm in that
case. The icy hor izon is also an additiona l source of moistening of the soils
dur ing their thawing and the surface along which they flow in the diluted
state.

In the region of the Investigation, in connection with distinctive features
of the moisture regime of the layer of seasona l thawing, sections with plas-
tico-v iscous and liquid flow are dist inguished. Slow plastico-viscous flow
of soils occurs dur ing the thawing of rocks, the moisture content of which 

-

does not exceed that of the yield point. In that case, on gentle slopes of
a lake-glacia l plain form solifluctiona l terraces with a length of up to 10
meters and a width of 1-3 meters . The height of the front benches of those
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terrace- varies from 0.1 to 0. 4 m et er . On such section ; the flow of soils
is iften acconi1anled by rupture of the sod cover and  the  f o rm at  ion on the
f t  of f r o n t  benches of d it c h l i k e  do 1 r e s s i o n s  w i t h  a w i d t h  of 0.4-0 .5 meter
and depth of about  0. 3 meter . In those de1re’ssions, under a layer of

~— eati f ied soil with a thickness of 0. 1-0.15 meter , l i e s  a lens of ice or
heavily iced soil with a thickness of 0.1-0.2 meter (up t 0.6 meter) .

During the thawing of icy 9oils of a seasonally thawed layer , the noisture
c o n te n t  of wh ich  c o n s i d e r a b l y  exceeds t h e i r  absolute m o i s t u r e  c ap a c i t y ,
li qu id  or prog res s ive  f l o w  develci 1s.  T h i s  process develops especially ac-
t i V e ’l y  on ~- xt e n s iv e  swampy s o l i f lu ct i on a l s lope s  cut t h rough  by deej, r av i n e s.
In that case’ overflows are  observed , c h a r a c t e r i z e d  by the movem ’int  of large
volumes of rock, which in isolated cases leads to the b u r i a l of t i m  b a s in s .
Thus, for example, in the  course of 3 years in the g iven region a process of
liquid flow of soil and the bur ia l of the flowing mass of rock of firn basins
on the edge of a deep ravine were observed . That ravine was cut into deposits
of Sanchugovka age to a depth of up to 30 meters. It-has a curved longitud-
ina l pr ofile and a V-shaped cross-section , and the steepness of the slopes
is 40-50 . Along the botto~n of the ravine passes a brook which flows during
the ent ire warm period of the year. The water flow is due to runoff from a
lake lying in a basin In the upper part of the ravine. Firn fields are pre-
served in the upper part of the ravine until the end of summer . Some of them
are partially or completely covered with soil flowing from a higher gentle
slope. The li quid mud flows with the exception of boulder and pebble mater-
ial move the stream in separate sections toward the r ight edge of the ravine .
The thickness of the mud flows in the bottom of the ravine reaches 0.5-0.8 m .
The burial of firn basins by solifluctiona l flows also occurred In the past.
Thus , one of the holes drilled on a fold of a gentle slope of a ravine revealed
a f ir n  b as in  wi th  a th ickness of -about 5 meters  under  a 4-meter layer  of sol I-
fluctiona l deposits.

Close ly  connected with dist inct ive features of the f ormation and f r eez ing
of deluv ial-solifluctiona l depos its are therma l erosion processes. They
proceed esp ec ia l ly  I n t e n s i v e l y  in ravines cut in silty sandy loans and loans
of Sanchugovk~ age at d i f f e r e n t  depths. In the upper reaches of a l l  the
ravines are strongly swamped lowlands or lakes , the runoff from which is the
m a i n  source of feeding the currents. If the runoff  from lakes in to  a d j a c e n t
ravines is cons iderable and occurs during the entire warm period , the deluv-
ial-solifluctiona l materia l arriving from the slopes does not form thick
accumulations but is carried off into the valleys of larger currents. In
rav ines , the cons tant  connect ion of which  wi th  lakes has been h a l t ed  as a
result of lowering of the water level of the lakes and their enlargement ,
the transport of deluv lal-sollfluctiona l materia l is slowed down and the
accumu lation of that mater ia l exceeds its o u t f l o w .  In that case masses of
solifluctiona l ravine deposits form, the th ickness of which reaches 5-10 in.

In conducting drilling work it was established that the composition of those
deposits is characterized by great variability in the plane and cross-section:
horizons  enr iched w i t h  boulder and pebble mater ia l alternate with horizons
of sandy b arns and b arns and with horizons enriched with peat-plant material.
The ice content of the soils and the cryogenic structure vary sharply in the
deposits. The massive texture is replaced by lens-shaped , grid , basa l and
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( ‘L a x i t  Ic. b r  izons ot  ice with inclus ions  of boulder-pebble mater i i  are
encountered.  V a r i e g a t i o n  in t he  d i s t r i b u t i o n  of ice in f r oze n  rocks is ev i-
d e n t l y  caused not on ly  by h e t e ro g e n e i t y  of the compos i t i on  of the  dep osi t s
but  al so  by the  charac ter  of the i n f l u x  of m at e r i a l ( s low creep or progress-
ive f l o w ) ,  the conditions of i ts  dra i nage , the cha rac te r  of the  f r e e z i n g  and
t h c  presence of bur ied  f i r n  bas ins .  Hor i zon s  w i t h  a large ice content  e i t h e r
~r e formed d u r i n g  the f r e e z i n g  of a g r e a t l y  f looded  layer , the r u n o f f  f rom

w h i c h  down a long  the  slope was h indered , or ~-1re connected w i t h  the  bur ia l  of

firn basins or, f i n a l l y ,  are a result of freezing of the layer f r o m  below and
its burial. The presence of those greatly iced horizons predetermines the
‘Jevelopm~ ’tt of therma l e ros ion  in the  rav ines . When the  depth of seasona l
t h a w i n g  under temporary currents reaches the icy horizon , in tens ive thawing
of the ice occurs. Sinks and siches form at the bottom of ravines. Often
the thawing proceeds along a heavily iced hor izon lying below a less icy
f r o z e n  l ay e r , as a result of which underg round  t raverses  form . On sec tions
where the seasona l thawing does not reach the icy horizons or the latter are
absent , the temporary currents da not have a deep cut and ~ constant channel.
In tha t case the surface waters run off  w i t h o u t  d i s t u r b i n g  the sod-plant cover.

lt  f o l l ow s  from the presented m a t e r i a l tha t In studying salifluc tion in order
to issue a forecast of its probable formation it is necessary above all to
turn attention toward the conditions of development of the process. First -

it is necessary to map the composition of the soils of the seasonally thawed
layer  on sections of gentle slopes and slopes of moderate steepness. The
contou r ing  of sections of the propagation of s i l t y  dispersed rocks determines
the probable area of distribution of solifiuction. The moisture regime of
the soIls and its variation in connection with the productive activity of man
and sharp moistening or drying will testify to the probability of the deve l-
opment or discontinuance of the process of solifluction on a given sect ion.
Of great importance in tha t is the character  of the r e l i e f  of the sur face
of the permafrozen rocks and its probable change in connection with the pro-
duct ive activity of man. In that case a decisive factor will be the change
of the tempera ture regime of the soils and the change of the depth of thei r
seasona l thawing. A procedure for forecasting the latter is g iven In Chapter 5.

The formntion of solifluctiona l and up land terraces. The rate of creep of
dispersed rock along a slope, other conditions being equal , depends on the
steepness of the slope. On sections with great steepness the rate of soli-
fluction is grea ter than on sections with little steepness. This leads to
an accuaiilation of flowing matter on more gently slop ing sec t ions and to
change of the relief of the slope. Thus change of the steepness of the slope
is the fir st ma in factor in the formation of solifluctional terraces.

A second factor is the tendency of the process of solifluction toward a steady
regime of flow in which identica l volumes of matter (V) must flow through
areas (S) of different cross-sections of flow rock in a unit of time. There-
fore, where the rate of flow (u) is small , S must be large, and the reverse,
tha t is, the cond ition V u1 S1 

u,S2, which leads to the accumulation of
matter and a thickening of t~e flowing layer on sections of the slope with
relatively little curvature and rate of flow, is fulfilled .
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A third factor influencing the forma-

- 
ti n; of soljfluctjona l ter races on
s1o~~es is the r e l a t i v e  con s tancy  of
the average depth of seasona l thawing.

- . As a r e s u l t  f t ha t  t he  lower ~a r t s
of t he  th i ckenings  of the flowing layer
of soil go over i n to  the  p e r m a f rr z e n
s t a t e , i n c r ea s i n g  the  shar ;  ness  of the

0 r e l i c t  of the u~~~er su r face  of the
:.:.:‘-N.J ~~~~~~~ ~, ~ c r mn f r oz e n  rock maSs and intensifying

~~~~~~~~~~~~~~~~~~~~ \ ‘- the  d i f f e r e n c e  of the  r a t e s  of f l o w  of
‘~ : :  ~~

- ‘
~~~~~~\ the  ground on se c t i on s  of t he  s l o e

with a different c-Jrva ture . The corn-
bined e f f ec t of those factors forming
s ol i f l u c t i o n a l terraces  is sh owz; schema-
t i c a l l y on F igure  126 .

- 

-

~~
‘
~
-\

~~
‘ The f in a l s tage  in the deve lo 1 inent  of

- 
~ - . :  - .~~i\  i i i  s ol i f l u c ti o na l terraces  ( I I I )  is rea ched

- 
- when the g e n t l y  slop ing sec t ions  f a

. :~ .‘—~~J ~~~~~
- 

- 
slo t  e ( tha t  is , the ce rra ces  which  have

- - 
._, formed ) become hor i zon t a l  and  the stee~

slopes approach the angle of rest  of
- - - - thawed rock. In t h a t  case so l i f l u c ti o n

--- ceases or becomes very slow and steady.
In the latter case the solifiuctiona l
terraces must slowly move ui wa rd over
the slope as a result of more inte’~sive

Figure 126. Schemat ic diagram drainage of the soils with steep sec-
of the formation of solifluctiona l t h~ns of s1o~ e and growth of the hori-
terraces:  I , II  & I I I  -- stages zonta l sections of the “terraces” upward .
of t h e i r  f o r m a t i o n .

When the process of s ol i f l u c tion  reach es the f ina l stage and in the  case of
the outcropp ing of bedrocks on the slopes the retrea t of terraces upward on
the slope can continue , since the steep slopes of the benches are destroyed
by wea the r ing  processes and the forming silt is distributed over the surface
of the terraces. Such terraces are ca l l ed  “up land .” The d i f f e r e n c e  between
s ol if l u c t i o n a l and up land  terraces is tha t the f o r m a t i o n  of the  fo rmer  is
direc tly connected with frost processes, and upland terraces are classed as
geologica l phenomena properly speaking.

As a result of distinctive features of the relief of the sloj-e and the con-
diti ons of moistening the ground on separate sections can be li quifi ed ~-‘~d
fl ow under the p lant cover, forming “tongues” of soil extended over the slope.
The transport of silt on those sections causes a collapse of the belts of
vegetation , and in p laces where the moss and sod layer is broken and in sec-
t ions of discontinuities the li quid ground flow out on the surface, f orming
mud flows and debris cones.
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A genera l ~ rocedure  for  ca l c u l a t i n g  the  robability of develo : lfleI (t of t h e
process of selifluct ion is shown In the foIl wing exa !rn Ic.

E v a l u a t ion  of the Con lit , i - u s  of the F o r ma t io n  and Heveln 1 nent of So l i f lu c t l o n
(Example 54)

In a frost survey it Wa 5tab ll shed  tha t in th~ r e g i o n  of in investigati on
s o l i f l u c t i o n  develops  on gentle slopes of .i l i k e - - a l l u v i a l  l a i n  itt the sum-
mer. To determine the conditions of its deve 1 ,  ment and characterize tha t

rocess , slopes w i t h  d i f f e r e n t  s t e epn e ss  m d  ox sure ‘. a- rt  s t ud i e d  and it
was established tha t solifluction is conf ined very f ten  t o  s i b  es with
stee~ nesses of d-10 and 15_ l70. The soils in the liyer of seasona l thawing
i r e  composed of l i g h t  s i l t y  loans , the mois tu re  con t ent  of wh ich varles

3
from

4~) t o  45 and the spec i f i c  g r av i t y  of t he  ske l e ton  of wn ich is 1 • .1 g/cin
1h ~ therrnoj 1:ysica l ; rop €-rties of the soil arc

3
character ized by A~ — ~ 1.0

k c a l/ (m) ( d e g r e e ) ( h r)  and C ol 
— 500 kcal/ (m )(degree). In a t e st  ~ th~

soils f r  long shearing st~ en~~ h the following data (1~~b1e 74) were o b ta in e d .
The slopes are grassed  a-m der  na tura l con d i t i o n s .  The p l an t  cover Is c m l  seq
of mosses and low bushes . The t e n s i l e  s t r e n g t h  of the  s d  (e~~~) is “~ 22 g/ cm .

l a b le  74 Long- term shearing s t rength  Tab le  75 Ra tes  ~if seasona l thawing
of loams (accord ing  to L. A. Zhig-nrev , of the ground
1967) 1 

-

‘ 
~~~~~~~~ -~~ 

‘ c . i  V .t ‘- : :  

- 

- -

. 3  i_

‘1 51 17 .5 % iO ~4 
L ’

a - Moisture content w, % of dry weight a - Month
b - Shearing resistance 0

~long’ g/cm

I h e  climatic cor.ditions in the region are characterized by
3
the following :

t -10.4°, A — 210, z 0.5 in and p 0.22 g/cm • The plant coverair air sn sn
has a warming inf luence on the surface of the so i l :  L~t 0.5° and

p lant
— 1,0 . As a result of observation of the radiation balance of thelant

surface in the suniner period data were obta ined which made it possible to
determine (see ~ xample 18) that  on slopes wi th  a southern exposure and a
steepness of 15 the average annua l temperature of the surface is 10 higher
and the annua l amplitude of temperatures is 2 .5 larger than on slopes ‘with
a northern exposure and a horizonta l surface. On gentler slopes pract icably no
influence of exposure on the arrival of solar radiation is found.

According to weather station data the rates of seasona l thawing of the ground
were obtained for the end of each month (Table 75). It is necessary on the
basis of the presented materials to determine the conditions of the forn~ tton
and the duration of solifluction on slopes with steepnesses of 10 and 170.
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S o l u t io n . As is kn-’w~i (Zhig rev , 1967), it is .i cendit ion  it the format i n

‘f s o l i f lu c t i on  t hat
t )-- 

~~~ I

where is the long-term shear ing strength of t h -  ground , g/cn i ;  
~ 1r) n g ~~

the  l o n g — t e r m  t e ns  I li strength of the sod cover , g/cm~ ; t is L h C  tan—
g~ nt lab str ess in t he  ground , causing the p li st i c o —v i s c o u ~ defo rma t 100 of
the ground on the slo~ e .

Since  ~ = 3 ~~‘ sin X , where ~ is the specific gravity f the ground , kg/cm
3
;

~~
‘ is the thickness of the thawing layer at  the moment of t i m e  under  c ’nsid-

erat  ion , m; ~~ . is the s t eer -ness  of the s lop e , then obviously it is o s s i bl e
t i  r e a di l y  de termine  the m i n im a l th ickness i f the thawing layer of ground on
the slope at  w~oich solifluction starts:

- 
1 ‘ - -— 

_
t
• t i l t

in a frost survey determinations arc made f or different sect  1°flS of s lo~ es
of the temperature reg ime (A and t) and the dc~~th if the sea sona l t h a w i n g  ~ f
the ground (i) , and phys ical (X and w) and mechanica l (t

1 
) :r’ : ert ies - f

the  t h a w i n g  ground and the sod cover (cr
1 - 

) .  Then the c u ~~~- of the ScO S II-

. m l  t h awing  of t he  ground in t ime is cons~~~~cted (by t h e  T u me l ’  mcth d) and
the moment of t ime when the depth of t h a w i n g  reaches ~ is d et e r m in e d . It
is  obvious tha t f rom tha t  t ime so l i f lu c t  ion s t a r ts  on rnin

~h s b ;  - .

For the  given concre te  cond i t  ions the solution of the j - r o b l er n  in such a for-
n~~1ation will be as follows.

1. We determine the temp erature reg ime on the s u r f a c e  of t h e  s i l l  and the
depth of seasona l thawing on slopes with a stee1 ness of 10~ a t  a m o i s t u r e
content  of the loans of 40 and 45/~. According to (5. 3.l0)~~ t = 2 1 x

,,,, 0 snx 0.259 --‘5 .4 ; then

i -i 1 
~~

-
-
~~

- ft -
~ ~ -

/10 • - i  \t~ ~
\
~
! 2 ! -  - i i

If we assume tha t w 9% then in accordance ~ t th  (4.1.8) we f i n d  tha t  at
a moisture content 

un
Øf 40% Q

~ 
30,000 kcal/&, and at a moisture content

of 45% Q ~~ 35,000 kcal/m
3. “Wi th nomograms (see Figure 17) we f ind that

at  the I~~i t i a l  da ta t _ 4 •50
, A 14.6°, Q~ 

30 ,000 kcal/m 3 and C — 500
3 0 0 t

kca l/ (m  ) (degree) we obta in ~ — 1.1 m; a t  the same va lues  but with Q~ — 35,000
kcal/m 3, j  = 0.9 meter.

2. We ca l cu la t e  the minima l depth of thawing of b arn s w i th  mo i s tu re  con ten ts
of 40 and 45% at wh ich s ol i f l u c t i o n  s t a r t s  on slopes with a steepness of 10°.

a)  w 40% , ~ Y’~ (1 + 0.01 w) — 1.68 g/cm
3
, ‘r

100g 
— 1.7 gfcm 2

, C —

— 22 g/cm , whence according to (8.6.1)
‘-i -I

- - — — - I 33 e.~I ( ‘  - ‘ t i )  3
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b) w 35~ , Y 1.74 g/cm
3
, 

~~long 
7.5 g/cm

2
, 5 22  g/cm

2
, whence:

-~~ - 1 i7  ~~~~~‘0 1 - -;~O . 1. -I
The obta ined data indicate tha t under natura l conditions on slopes with a
steepness of 10° solifluction will not occur , since 

~~~~~~

.

3. We determine the  tern 1 er ature  regime and depth o~ seasona l t h aw i n g  of b arns
with a moisture content of 45% on siopes  w i t h  southern  and n o r t h e r n  exposures
and a steepness of 170

.

On slopes with a southern ex1 osure:

1, !~ \ ?~~, \~~~~ , ~~ - - 1 ) 4  ~~~ 0,5

~ 21 —~~ - 1 - I 7 T I7 ,1~ .

At t = -3.5°, A = 17 .1
0
, Q

0 
= 35 ,000 kca l /m

3
, C~ = 500 kcal/(m

3
)(degree )

with a noinogram (see Figure 17) we find tha t ~ ~~ 1.3 meter .

On slopes w i t h  a nor the rn  exp osure the conditions are s i m i l a r  to t hose  observed
on gent le r  slopes and hor izonta l sect ions , tha t  is , t = _4~~5

0
, A~, 

= 14.6° and
= 0.9 meter at w 45%.

4. We c a l c u l a t e  the  minima l depth of t hawing  of loans with a moisture content
of 45% at which solifluctbon starts on slopes with a steepness -‘f 17°:

- - - —
S 

~ r— -- - -- 
I .7 ;  ‘in 17 I 74 0 7 2

Consequently, on both northern and southern slopes with a steepness of 17°
solifluction will develop.

5. To determine the time of the start of solifluction , we determine the
course of thawing of b arns in t ime by the Tumel’ method , having the relative
ra te  of tha ‘ing of the ground on the basis of the data of weather stations.
If we assume the maxima l depth of thawing , calculated at the end ~f suiririer ,
to be 100%, we obtain the depth of thawing of b arns w i t h  a m o i s t u r e  content
of 45% on slopes with northernand southern exposures (Table 76).

Table 76 Depths of thawing (meters) on slopes with southern and northern
exposures

a 

V \ I I  \ Id

b 0 . 1-3 ~3 _ l  1 ,1 I •~ 3 I -
I: C~- ‘ \  (i

fl (ji3 U - 0 0 ~~~~ 0 ‘i

Key: a - on slopes with a southern exposur°; b - on slopes with a northern
exposure
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S ioc~ th~ minima l de:-th f thawing of looms with a moistur l content of 45/
on s bo 1-es with a 5te- e~ ness ‘C 1 7° ~s 0.58 lis t er , it is tibv i ou :  t hat  (iR 5 ~~ es
w i t h  a so u th e r n  ex1 - s ur e  sob i f  luct  ion s t a r t s  at th./ end of the second l O —d o y

i r  i ’ 3 of Juno , and on the northern in th e  m i d d l e  of J u l y ,  t hat  i s , more t h an

~i m o t h  l i t ~~r.

In Coi-iClu~ ion i t  can  be d et e r m i n e d  whe t he r  ;oI if luct ion s t a r t s  on s 1 :  es w i t h
a St i e: it. SS ol, 100 if t he  sod and l an t  c v  ~- r is  re~nnved in t h e  : rocess of
‘_-

~~ in ‘ii i c n~ c-fling U :

0~ -~ c- .1 tcrmine how t i  t e rn ;  er a t u re  reg ime  oi the -narface of the soil changes
i f  u : -o il ri ru V i  1 of the bout cover ~he  h e i g h t  of t h e - sn o w  n t h c -  si  S —

c r e- I s es to ~.3 m t ~ -r (
~ 

= (3 .2 2  g/cni ) ~tn ~I the r a d i a t i o n  c or rec t  ions i : u c r e , i s e
and  or  e~~u , i  li’~ t i  : = (.8 and  A

R 
= 2

-i 21 .((,I( -1 3. t~.

- — lu -I 3 0 ,3 -

.1 2 1 -~~ 2 H i .

~~ f i n d  t h e  J : th  if -~~ isona 1 t h a wi n g  of looms with ,i m o i s t u r e  Content
if 45.~ (Q = 35 ,000 kca b / r n 3 , C - 

= ~0() ken 1/ (m 3) ( d c - gr e e )  on sections of

s in s  - with th~ p 1- t n t cover re~~ ’~e~~. W i t h a n o ;n i ig ram ( F i g u re  17) w~ f i n d
tha t  ~ = 1.1 meters .

o• ~ e de t e rmine -  t h e  m i n i m a l depth iif  t h a w i n g  of looms on s 101 es w i t h  a ~t eel —

ness rif 10 w i t h  tht. sod and  p l an t  cov er  reiwived ~i 1 w h i c h  sob  if luct  io~ con
~, t i r t :  - - -

-
- — 

~~~~~ 2-5 :
h i ; ;

Conse q u e n t l y,  on slop- es w i t h  a steel He s s  of 10
0 

after re-:nh va 1 of the plant
c ve-r solifluction starts to develrq alrea dy from the first half of June ,
wherea s undex  n at u r a  I c o n d i t i o n,-, it was not observed .i t all .

I l i - c on s ide r ed  r e g u la r  i t  ic s  te~ t i fy  t h a t  very  f a v o rab l e  cond i t  ions f o r  tl:~
• d ~velo1 ment - t  sol if luct ion ire floted in the  Extreme Nor th  in frost-t em1 era -

t u i ~c zones IV and V. Noted t h e r e  is a m i n i m a l  t h i c k n e s s  of the  seasona l Iv
thawing layer , a mainly silty composit ion of the sur face-  d e l - o s i t s  and a high
m o i s t u r e  content of the soils , often equa l to the absolute moisture capacity .
In frost-tern1 era ture zone III tlloo e co~ dit infls ire less t i v i r a b l e  and the
processes of s o i i f l u ct i > ’i are conf m e d  to l i m i t e d  sec t i on s .  In  zone s I and
I I  s o l i f l u c t i ti phenomena are encountered in the f o r m  of up l and  so l i flu c -
t i on a l t e r r ace s  a rid a r c -  l i n k e d  wi th  the  f l o w  of soils on slop ing sections
an d steep Slopes.

*Under nat u r a l c o n d i t i o n s  in the  presence t)f a p lant cover on slopes with a
steepness of 10° those corrections will ~~ negli gi bly small.
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7. Regulariti es of the Formation of Landslides , Runoffs , ~‘bj d F lows , Mud
St rea ms and Ava lanchos

- i s t i : ing f t he  s o i l  on t he  s u r fa c e  i f  f r o z en  rock masses on s lop e s  can
r C J u c L  the st r t .  ng th  of ad h e s i o n  of t h e  so i l  layer  to th~ f roz e n  r ick m i s s
a nd cause  s l i d e s  of c - X t t - n~~ ive s e c t i o n s  of t h e  l ay e r  of suniner t h a w i n g .  At
t imes s l i d i n g  if such l ye r s , b e - r i n g  a f o r e s t  cover , is observed (T y r t i k o v ,
1963).  When the  s l i d i n g  layer has groa t fluidity , solifluction ,i l runoffs
f~~rm w i t h  ,in i r r e g u l a r  movement  f t h e  moss of t h e  s o i l .

At  a - t i l l  g r e a t e r  f l u i d i t y  of the  s o i l , u s u a l l y  in narrow valleys of moun-
t a i n o u s  r i ver s  and sm a l l  s t r eams , la rge  mud f l o w s  can form.  Such mud f l o w s
a r t . -  s~ ecia l l y  l a rge  in the v o l  I cy s  of mounta  in r i v e r s  f l o w i n g  f rom u n d e r
g l~1c it .  r~~, and  a t  t i m e s  h oy t .  c at a s t r i : h i c  consequences .  Masses of immobi le
ice or s l i d e s  of rocks cart dam u: t he  bot tom and c o n t r i b u t e  t i an accutmala-
t o n  of liquefied soil. Upon the melting of t h e  ice or b u r s t i n g  of the
blocking obstacle the  li quefied soil and water carrying a mass of bou lde r s ,
rock f r a g m e n t s  and  broken t ree i~ rush down , w ’ sh ing  awa y e v e r y t h i n g  In the i r
p a t h .  Such c a t a s t rop h ic  mad f l ows a re  c a b l e d  mud s t reams .

In  thi c m e c h a n i s m  of t h e i r  development  and  m a n i f e s t a t i o n  soms snow ava lanches
are  s i m i l a r  t i  mud s t reams.  They are  d i v i d e d  into avalanches of clea n dry
snow and  wet avalanches , carrying large masses of silt , boulders and tree
f r a g m e n t s.  T h e  l a t t e r  typ e of snow avalanches are of great geomorphologica l
I mp o r t an c e , as t h e  move cons ide rab le  masses  of m a t e r i a l .

T h e  shys lea 1 co n dlt  ions of the  forma t ion of lands I ides , r u n o f f s  and s l i de s
are  det er m i n e d  by the  a n g l e  of i n cl i n a t i o n  if the  s l i p L-lanes and the  va lue
rif the  co e f f i c i e n t  of f r i c t i o n  or a n g l e  of i n t e r n a l f r i c t i o n  if the  s o i l s.
Those two c o n d i t i o n s  a re  dete rmined  fo r  frozen masses by the composition of
the rocks , the i r  m o i s t u r e  ciinto :it and c ryogen ic  t ex tu r e s , and a l s o  the  con-
d i t i o n s  of bedding of the frozen rocks (their str ,tif icatbon , connected with
different lithology and  moisture Content ) and the character of the subsurface
wate r s .

Landslides , runoffs and slides in t~ e area of permafrozen rocks are mainl y
c o n f i n e d  to the  c o n t a c t  of t hawed  ma• ;ses of s o i l  w i t h  f ro z e n  ones.  The s l ip
1 bane  is u s u a l l y  the  icy boundary  of the frozen rock mass. The development
i f  Processes is noted dur ing  increase of the t h i c k n e s s  of the s e a s o n a l l y
thawed layer on s teep er  sections of a slope and dur ing  i r r e gu l a r  thawing  of
frozen rock masses on steep slop ing sections , when the thickness of thawing
is grea t er upw ards on the slope than downwards on the slope. Fspeclally
favorable conditions are created when diring the  thawing of p e rm a f r oz e n  r ick
ma sses sli p planes form according to the descent of the layers. In addition ,
in the r eg ion  of p ermaf rozen  rock masses the la n d s l i d e s , r u n o f f s  and s l ides
art. connected with distinctive features of the moisture reg ime on the contact
of the  f r o z e n  and thawed rocks. The underlying mass of frozen rocks is a

• c on f i n i n g  bed and the re fo re  in the  Ir o c es s  of summer or p e re n n i a l  thawing
the soils of the thawed layer on that contact are greatly moistened .
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~~ j t : 1  the limits f f r  °- - , ~ iii . i~- t - - I i ’ ~t t -
. zone I t hu l rid~~I j i h  i- - - . : E ~ - i - ’ !

th c- r s l i d t . - - a t e  1i:iki-il f r t i  most •irt w i t h  1 t-r - t . : l i 1 t- i s- 1s~~ i f  f r z i  n
i - o k  masS’S, and so the r uos- t.-n s~ r e d  t o  a g r i  • u t e r  dv : - -  i r t d ‘ t t ~~n i:-1:il ,r~~cc -
l a r ger  nil S:, S °t so i I .

I:; rn ri C r th rui zones t ’  dc -v e in :  ~s - : u t  t f  lan ds i j u h i  - , r u : u f f s  nd o t t  r s l i d es
i s  c- : i - c t t . : I  rj  i ; ; l y  w i t - :  t h u t .  - ; i - • t s on a l t h a w l i g  of r -c l -: . I n  f r  — i — t i - t m  er tu rt.

z in c - s  I i  iou \ th ist .  r cesses  r iceed in C u; uni-C t i t t  w i t h  t h : e r i : u l ab r  s ion ,
( c - r Ink 1 i -s i-ia , ind t h e  t l iu w ing -f t ( t i c k  ice l i d  ic- s  Iti unc cored s c• ir  s

l h i ~ 1~~ 
1 H i l i t y  if thi ~ r~~- i t  j su  of r u n o f f s , l a n d s l i u h i  s and o the r  s l i de s  i - ;

i I t . t t . r m i z t t . - d  by the configurat i - - n  of I l , i i i e s  of c - i n L e t - - of t h e  t t u a w - esl or  t f
a u : ; ss w i t -  t h e  f r - z t . - n  s or t  and  is C - ; t n i - c t t - ~1 w i t h  t - - chira ctu r of the so i l s
and t h e i r  : v - u  t . r t i t .  - • in t i l t  c i at - a c t .

1 he co ’t f  i g u r  it jo n  • - f  u ,  t bat s if  c- - u u  t Ct. h e :  c -n u T s on t i l t . - d y n a m i c  -~ ~f change-
of f r  o•t  c o d  i t  i n s . E spt. c i i i  ly  s : u i r 1  C l u , o i i ’ S -

~ con x i  ~t is  d i f f e re n t  k i n d s
f c . i s tr uct  ion . Ihc t- - b i b i l i t y  -- t th_ - f - - r i n o t i o n  and  dc-v i n :  -u s - st o f t : ,e
rocesses  t u t u t bt.- t t - i I I c t t - d  on the b:is is of a g e n t - r o  1 i - r e c a s t  of c han g e  of

tt~ fr- 0t ccindjt I -o • w i t u i c -us  i d e r i t  i - :  o t  t h e  c~~ r cter of t h i  r- duct ivs

i t  e n i t u g  U: f t h e  t i  i -n t- - r i . If c a l c u l a t  jo n- ;  h a v e -  - t , i b l i s h e d  t 1  ~ r h i i b i l i t y
- i f  t h e  formii t i on  -f  a s l i l - - -r r u n o f f  of g rou n d  on t o e  s l i ~ l a n c - , it i - a d —
V j s , i b l c -  to  rn - ik e  r v  j~ ion f o r  m:- a - - u r e s  t o  r i  - erve t - - r icks in tHe f r o z e n
st it and at the  s imv time r~ v e ui t the deve l -  rn0nt of t he  roc- s-;. h’Iea ureo

if  in: r -
~‘ t. ilL u t  c - i n  bt. en lcu I t  ed by le t  er in in  i :~~~ th e inf luenc e of v ar  i us f o e —

t r s  on t :~. t itt; ~ r i  t u r e  r e gi in c- and do : t i  - it th ow i u i g  if t h e  L r i z c - t :  r o c k  mo sses
( - i  Cha :  t e rs  and  5).

8. l I e  ii  vi 1 :  mt . n t  of the F r  •Ct. ’ss  if 1) i t  f o r e :—  t L i t  ion • { L a r g e — F r a g m e n t  Ma t e r  P 1

Dur ing the  f r t . -e z  j u g  of t he  l a y i  r f suIimi i~r t i - w i u g  , i l l  t i c- r eg  j o u t • -f  ~~ r i ui —

f r  ,~en r i cks  t h e re  is a redistribut i--u i  - f  t b ~ m o i - t ir e  in tha t l ay er  on ac-
coun t  of t h e  f o rm a t ir ~~ - if  ice sch I i t . r t . i i  f - c - g r t .  g i t  i i i  i ct .  • I he  i e t c - n -  u e u u t .  it v
of t i i e s -  I Is i n  t he  l a y e r  of s u u : r u - ’ I h aw i ng  l e a d - , t d i i  I e r t .  Oct .  in  t h e  i : u t e n —
s i t y  f i t s  f r  z ing .  I n  t he  r i  4 - n e c  -f  h - u l d c - r  — 1 -~-hbl ~ - and  b i  ok t:u t c-r ia l
in  a l l u v i a l , r o l u v i - i I and deluvial de ;  ‘ - - - i t s  u n d c - r  b o u l u l - r - , h i cko  and  r ick
debr is t h e  f r eez  ing s e t s  in ear l  h r  t h i n  on n e i g h h i r ing ~ oct  i ons , and  t h e r e -
fo r e l a rge  ice lenses form u n - I c r  th~ - n . lh  i s  in t u r n  c u s t . - s  h u l g  jog of t h t .
r o c k  m a t e r i a l  h i  t he  amount  of t h e  ice sch i ier e n . i n  t h e  summer I or m d  t I c
i ce  l t . - n s~~~ an d s c h b  i 4 r ~~-n t h aw , but t i l e  c - I c - v i t o - I  bounder s an d  r o c k  debr 1- ~ do
not r e t u r n  t i  t h e i r  prev ious  po ’ it i - i t  when t h e y  -:ett le , bu t  rema iii e l e vat e d
by s e ver a l m i l l i m e t e r s  as  com ,ired w i t h  the ~~o ;l1 ion of t h i c  pr ev i ous yea! as
a res ult f the flow of r o c k  par t  Id es w i t h  I h i  w a ter  i j i t  - the  fo rmed  space .
Dur ing freezing in t he  course  if a number of y e a r : ;  t h e  r ’ck m i t e r  l a b  of the
layer  of S € a S r i I l , i  1 t h a w i n g  bul ged comp l e t e l y  out on the  s u r f a c e . ih e  length
‘of tha t  prn co: ;s  can be c -st  imated  as  severa l t e l i s  (or even h u n d r e d s )  of years ,
t a k i n g  in t o  C c - I t s  i der at  j on t h t , i t  t he  y e a r l y  b u l g i n g  can reach severa l m i l l  i -
meters , and •- ; i in ie t ij fl~ s cent i m i - t i r - -,.

The process ‘of d i f f e re n t  i a t  Ion of larg e  f r a g m e n t  m a t e r i a l  can proceed in
p a r a l l e l  w i t h  t he  ~- n i cc-S s of f o r m a t I on  of slope dep os i t s.  In  tha t  c ase  f r —i ,
d I f f e re n t  1, 1 ion  of t h e  d ep o s i t s  ot si u t [ 4 ’C proceeds syngenet  ica I i  y.
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N e a r  the  s o u t h e r n  h o u n d ar y  of t h e  r i  g i on  in which eruufrozcii rocks ore re-
vo bent the thickness of the  l ,i yer - i f  summer tha wing  n c - a c h e s  very  Li rge va lues .
The f r e e z  log ‘f the l a y e r  of t h a w i n g  in t h a t  ca sk - proceeds  o n l y  upw ards  and
t h e r e f o r e  ice l enses  form under the  low er  s u r fac e  of the  bou lde r s  and b lock
mat eria l , w h i c h  beads  to t h e i r  i n t e n se  b u l g i n g .  The t h i c k n e s s  i i f  t he  ice
sch l i c -r en  and lE n s e s  f o r m i ng as a r e s u l t  of m o i s t u r e  mi g r a t i o n  toward the
f r on t  of f re c z  log in t he  p r e s en c e  if water ,ibiivc th e  f r o s t  increases  w i t h
h i t  t h .  T h i s  Is connec ted  w i t h  d e c e ler a t  ion of a d v a n c e -  of thc-  fr o n t  of frc-ez-
ing doe 1. In t o  t h e  f r e ez i n g  l a y e r .  B y V i r t u e  of t h a t  t h e  ni’cess of b u l g ing
of rock ma ter in I in sou the rn  r e g i on s  embrace:; the  ent ire t h i c k n e s s  of the
layer  of suiiuner t h aw i n g . In no r the rn  reg ions wher e the  th ickness  of tha t
layer  is ex t remely  s m a l l  and wher e  30-50% of the  t h i c k n e s s  if t h e  thawIng
l ayer  f r e t . - z e s  f r o m  th c -- bot tom , the  i n t e n s i t y  of b u l g i n g  of the r ock aater i;i l
become s f a r  s m a l l e r  and  embraces m a i n l y  the  upp er 1-ar t  of the layer .
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C h i 1  ter  9. - So lu t i on  of Some Geoc ryolog ica l  Problem s of Heat and Mass Transfer

Thc theoret ica l princ ip les of heat and mass transfer in f rozen  rocks , presented
in Cho;-ter 3, make it possible to pose and solve a number of sp e c i a l  q ue s t i on s
of grea t practica l importance. In particular , In examining the formation of
s e a s o n a l l y  and  perenn ia l f rozen rocks , of basic  importance is the  e x a m i n a t i on
of p e r i o d i c  t emp era tu re  fluctuations on the surface , the character of t he
change i-if the tempera ture  f i e l d  and the d ynamics  of the processes of freezing
with consideration of phase transitions under the conditions of a imiltifront
p r o b l em. Sec t ion  1 of t h is  chapter is dsvoted to an examina t ion  of a complex
of those ques t ions.  Eva lua t ion  of the  i n f l u e n c e  of phase t r a n s f o rm at i o n s  in
the range of negative temperatures is of great imp ortance in s t u d y i n g  the pro-
cess of freezing of rocks in both the seasona l and the perennial cycles. Sec-
tIon 2 Is devoted to this. The app licati on of ca lculating methods in consid-
ering moisture migration In the process of freezing is examined in section 3.
These questions qunatitatively determine not only the course of the process
of freezing but also the formation of cryogenic textures of seasonally and
perennially frozen rocks , and also their heaving. G iven in section 4 is a
f o r m u l a t i o n  of the problem of thawing of coarsely dispersed rocks with con-
sid eration of the infiltration of summer precip itations and Its digita l com-
puter solution under concrete conditions . The concluding section of this
chapter consIsts of examples of the s o l u t i o n  of concrete prob lems connected
with the freezing and thawing of rocks which are of great importance in the

- . solution of some practica l questions of frost predict ion.

1. Solution of the Problem of the Temperature Regime in a Homogeneous Medium
Wit h a Periodically Vary ing Phase State of the Water

One of the most Important practical applicati ons of the problem of determin-
ing the temperature field and the rate of advance of the Interfaces in a
niil tlzone medium* (the Stefan problem) Is the case of periodic change of the
phase state of the water In separate layers of rock, connected with change of
the boundary conditions. As a rule , a trip le-layer medium form s in that case.
Typ ica l examp les are the seasona l freezing and subsequent thawing of moist
ground , the formation and development of permafrozen rocks, etc. The scheme

*Here and henceforth by zones are understood layers of ground in the thawed
and the frozen states.
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-f th~ ~r Cess under cons ith-ra t ion in a ve ry  s inn Ic -  case is as f i i l  lows : At
t h  i n i t i a l  m om ent  a h omog en ei iu -, med b um is in a s i n g l e —z o n e  t h a w e d  ( f r oz e n )

t a t e .  From th i - moment if s i g n  i n ver s i n i f  t he  te-nt~ c -n a t u r e  i n  t h e  s u r f a ce
a n ew ~ - n e  fo r m s  wh ich  d i - v e l o 1  s until th~ moment of t h e  s u b s e q u e n t  s i g n  i n —
\‘er s  ion n t i i  s u r f a ce  (a t r i~ 1~~— 1 ay cr  m e d i u m ) .  Wh en  t h e  t wo  m o b i l e  In t e r -
faces merge , a single-layer medium ago in for m s , etc. A solut P-n of such a
m a l t  i f r ’nt r ili l em i r e a d i l y  found  by r e d u c i n g  t 1~~- S t e f a n  ~ n r i n lem to a sys-
tem -if or d i n a r y  d i f fe r e n t i a l  e q u a t ion s  ( C hap t e r  3 , s e c t i o n  13).  P resen ted
as an cx in ~~le  on Figure 12 7  a r e  t h ~ r i  ~u l t s  -if calculation of the ti-In 1 i - r i t u r e

r eg ime f a 1, i ’ ,’ er of ground w i t h  a de1 th of u~ to 12 m~ tcrs in the course of
a y e a r  a t  t h~ s u r f ace t e m 1  era ture :

h i t  : 2~

where t — +3 and + 1 2
0
, 1 = 8760 h o u r s.  In tha t case  l~ is as sumed  t h a t

A = A
f 1.07 k c a l / ( m ) ( d e g r e e ) ( h r ),  Q2 23 ,680 k c a l/ m  and  ~~2 =

t — 3 2  
y, t f

= 2 .14 x 10 m / h r .  Le t  us note  t h a t , as is evident  on F igu re  127 , t h a w i n g
f r o m  b e l o w  be-c irn e s noticeable in 1r i c t i c e  a t  ground t emp era tu res  not lower
t h a n  +5

I 

‘

~~~~~~ ~~~ 

- if - 
/

I j I__~~~~_~~_~~~~~~_ - ~~

Figure 127. D ynamics  of the f r o n t s  F igure  128 . Course of t he  v a r i a t i o n  of
of f r e e z i n g  a i d  t h a w i ng  in t i me at hea t f l ow s  a t  d i f f e r e n t  depths in the
different averag’~ surface tempera- course of the annua l cycle at t 3

0
,

tures : 1 - +3, 2 - +7, 3 - +12 C ; A 24°: 1 - z — 0 m , Q — 62 ,3~0 kcal/
A , B and C are the single- , doub le- 2

media respec - 2 
0.5 rn , Q —  2

(~ eavy line) - z — 2 m , Q 8700 kcal/
m ; A and B are the single and trip le-
layered media respectively, a - q(t),
kcal/(m 2)(hr) b - ~~~, hrs

The indicated method of solving a iriultifront S t e f a n  problem pe rmi t s  s imultane-
ously investigating heat flows in t he  ground and a ls o  c a l c u l a t i n g  the hea t.
cycles of the so i l  dur ing  a given course of temp era ture  v a r i a t i o n  in t ime on
its surface during any t ime Interval. In that case the input and output parts
of the heat cycles are ca lculated separately (that is, the sunmiary value of
the heat cycles with one and the same sign ) during an entire cycle or part of
it. These characteristic s can be ca lculated both for the surface of the soil
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and  f u r  any given depth . The r e su l t s  of ca l c u l a t  ion of the curves of varia-
t ion of heat fluxes q in  the time rand the corresponding values of the hea t
cycles in the annual cycle Q at different depths are presented in Figures
128-130. During transiti on of the zoic - interfaces through the point where
the hea t fluxes are measured the latter undergo sharp changes*. The maxima l
error in the  c a l c u l a t i o n  of hea t cycles does not exceed l~~.

•

~ 

a
-
~~

I B
~~:i >.- - 1 10 ‘ -~ — — — ,~~

\ / /~~

I : = -

~~~ ~- F
Fi gure 129. Course of the variation Figure 130. Course of the v a r i a t i o n
of heat fluxes at different depths of hea t fluxes at different depths
in the course of the annua l cycle at In the course of the annual cycle at
t = ~7

° and A 
2

24 1 - a = 0 m, t = -12° and A = 24°: 1 - z = 0 m ,
Q
m... 61,200 kcaI/m ; 2 - z — 0.2 m , Qm= 56,500 kc a l/m ’~; 2 - z 0.2 m,

Q 55,600 kcalfm 2; 3 - z — 0.5 m, Q — 51 ,000 kca l/m~~; 3 - z — 0.5 m,
Q — 46 ,200 kcal/m 2; 4 - z = 5 m, Q — Q 41,700 ~ca1/m ; 4 - z 5m, Q
3800 kco l/m 2

; A and B are the single- 4700 kcal/m ; B and C are the s i n g l e -
and t r i~~1e-layered m e d ia .  a - q ( r ) , and t r i p l e - l a y e r e d  media ,  a and b as
kcal/(m~ )(hr) b - ~~, hrs for FIgure 129.

At different va lues of t the rate of change of 4i (t )  and the va lue of the
hea t flow to the surface°at the moment of sign in~ ers ion i~ (t )  are d i f f erent,
and this leids to a different value of the jumps. The formation of a triple-
layered medium leads to a discontinuity of the curves of the heat fluxes at
the points of the interna l zone at which the tempera ture starts to decrease,
approaching a zero gradient less distribution .

As in the absence of phase t r a n s i t  ions , in the case under consideration of a
multizone medium at different thermophyslca l cha racteristics in  the frozen
and thawed st a tes , the heat  inpu t into any section during a cycle in a period-
Ica ll y establ ish ed regime Is equa l to the output.

The proposed numerica l method can also be used In the case where , bes ides the

- 

-‘ temperature variation on the surface of the soil , in the course of the year
there is a variation in the average annua l temperatures of the ground from
yea r to year.  In tha t case the input part of the hea t balance of the soi l
will not be equa l to the output part. Their difference gives the amount of

~‘This is very clearly manifested during formation of a new zone.

407



-—

hea t in ca h r  i c - s  a c c u m u l a t e d  by t he  roc k fltiss If it is h - C i t e d  In a ~ e r e n I 1i a  I
c y c l e  -r  los t  1y  i t  in a co o l i n g  cyc le . Thus  i t  is ~~~~~ Ib l e  t i  Ca lcu lat in
calori c-s the heat ba lance if the s i l l  both dur lug dc-g r a d  ~t ion of i ir n u f ro z en
r ock  masse s  and dur ing t h e i r  aggrad  i t  ion .  lh e  rob lem (if c -r e - -un  i 1 fri c-s ing
( t h a w in g )  is c a l c u l a t e d  s i m i l a r l y ,  i t  is  c h a ra c t e r i s t i c  her e  t h a t  on the
l iwer  bound i r y  i f the  i e- g i n i f  i n v es t i g a t i o n s  in t h a t  case  i t  is neces sa ry
t i  g ive  the ge i t h i  rma 1 g r a d i e n t , w h i c h  i l a y s  an  enormous r i l e . F’resented
on F i gures 131—133  a r e  c a l c u l a t i i n s  of t he  d y i n i m i c s  - i f  t h e  depth  if fre i-i ing
of t h e  r i c k s  and  the h ea t  cycles in t im ~ d u r i n g I c - r e -n f l  i i l  fr eez  ing ( w i t h  a

- n j J  of l0n~ dOu -Ic i r s )  w i t h  an amt l i tu d e- if 6~ and an  a v e r ag e  a5-inua I tern—
ir a t u re  f ~ 

, w i t h  d i f f e r e n t  va lues if t he  9otherma l g r a d i e n t  (g)  a t
4 kcal/(m)(hr)(degree), C = 500 k c o l / ( m  ) ( deg r ee)  and H 23 ,680

k c a l/ m  , o b t a i n e d  during two c omp l e t e  cyc les . ~ r c - sent ed  in t h~~ s ame  p laces
a re  the va lues  of t h e  in~ u t  (

~ ~
) and  ou tpu t  (

~ 
) CoO~j oa e nt s  of t h e  hea t

c y c l e s  t h ro ug h  the  s u r f a ce  dur~ ng t he  en t i r e  cy~~le .

I 

~~~

Figure 131. Dynamics of the depth of Figure 132 . Dyn am ics of t h e  de~ th (if
freezing (thawing) ~ ( t )  and  the  hea t f r e e - s i n g  ( t h a w in g )  ~ (C) and  the hea t
fluxes on the surface if the ground f l u x e s  on the  su r face  of the ground
dur ing perennial freezing (g = 0.01 dur i n g p e r e n n i a l f r e e z i n g  (g 0.02
d~ gree/m ;  — 

- - -~~ — 
+ ‘

~~ 6 ,840 ,000 k c a l/  degree/ rn , ~— 
- 

-~~~ ~Z 4 , 287 ,000 k c a l /

~ ~1 q~15 ofl~~~j gu r e  129 m 2 ) a~~05 on~ Flgure 129

- 
/ F i gu r e  133 . D y n a m i c s  of thi dc -p th  f

• 
J S freezing ( t h a w i n g )  f ( t )  and  th e  heat

- 
\~ 

/ fluxes on the surface of the ground
t /  

- \ - - (g 0.03 degree/rn, ~ 
- 3,846,500

01’ -\ and • -  
+ 

— 3 ,096 , 100 k~~. 1/rn 2 ) a as
o ,>\~~ 

~~ 

- - 
~~i- on Fi~ ure 129

- \ ~~- 7- , - -  
- -  5

0,0? ~ 
‘
~~

- — ‘ 
~
j 1000 ~T S
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It is evident from the data of Figures 131-133 thit at small values of g
the heat ba lance after two cycles is fulfilled within the limits of the pre-
cision of the calculations. The difference between the input and output com-
ponents of the heat cycles during considerable geotherma l grad ients is con-
nected with the fact that the t ime of achievement of a periodically steady
regime is in that ca se ra ther large.

I, Numerica l Ca lculation of h eat Cycles in Soi ls  W I t h  Phase T r a n s i t  Io .is of
Water as a Criterion for Determination of the Tempera ture S h i f t

The input and output par ts  of the  hea t ba lance dur ing a complete cycle T at
an arbi trary depth zk w i t h i n  the  layer of annua l f l u c t u a t io n s  are  c a l c u l a t e d
in the form

t5 , r i  -

q( :~. t J t  it q i:~ ~~) ! t .
I,

where and are the roots of the equa t ion ~~~~~ ~r) = 0. It is obvious

that in the case of a periodically steady temperature regime the output part
of the heat cycles must be equal to the input part , and the hea t balance in
any section must be equa l to zero. Both theoretically and under natura l con-
diti ons , in cases where the thermophysica l characteristics of the med ium in
the presence of phase transformations of water are pract ically unchanged ,
such a s i t u a t i o n  is encountered on ly  in the presence of equality of the aver-
age annua l tempera ture  on the surface of the soi l  (t ) and a t  the  depth of
the base of the layer of annua l  t emperature f luc tua t ions  (t H

)*.

In the presence of inequality of the thermophys ica l characteristics dur ing
phase transi t ions , and pr i m a r i ly  a t 7~ the average annua l temperature
on the surface of the soil t

o 
In a periodically steady reg ime will be dif-

ferent from the average annua l temperature of the ground at the base of the
layer of seasona l freezing (thawing), and in the absence of a gradient in the
layer of annual temperature fluctuations (H) -- at the base of that layer by
the va lu t of the so-called temperature sh i f t  ~ tA (iI tA = t - t ) (section 2,
ChaEiter 5), The sign of the shift is determined by the v~ 1ue of the ratioAt /Af ,  namely 

-
~~~~T j  (Jr - r . e . “ -> I ,

- A,,

~\ t~ <0 up ir A~ < ~•

In addition , in the case of freez ing of the ground (t — 0) the shift at
> 1 is greater than in the s imi la r  Case dur ing ~hawing. This  d ivergence

in shifts, as well as the va lue of the shifts themselves, increases with in-
crease of the heat expended on the phase transformations of water, Therefore
in ca lcu la t ions  of hea t  cycles in the ground it is necessary to take into con-
sideration the amount of the sh i f t  in des ignating the lower boundary condi t ion.

*In concrete calculations the latter, as a rule, Is taken to be the lower
boundary condition (t t

H 
constant).
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Finding the amount of the shift In a p roblem with mobile interfaces analyti-
cal  ly encounters  a number of m a t h e m a t i c al d i f f i c u l t  ics and In r ac t  ice has
not been warked out .  There  is on ly  an a 1-~ rox im~i t e  fo rmu la  ~ r s sed by V . A.
Kudryavtsev (see sectii n I , Chapt er  4 , and sec t ion 2 , Ch ap t e r  5 ).  At the  same
t ime t h e  ca l c u l a t i o n  of hea t  f l ux es  in d i f f e r e n t  sec t ions  in t h e  u!~1 er la vi- r-

-f t he  l i t hosphe re  in t he  course  of a comple te  cyc le  makes it p o s s ib l e  t o  de-
t e rmine  w i t h  adequa te  prec i s ion  the  va lue of Lt ,4. Th I s  i s  a ch i eved  by the
fact that when the va lue of ~~~ has been incorrectly selected the input and
iu t ~ Ut p a r t s  of the heat cycles in any section d u r i n g  a year (H-ositlve and

negat  lye comp onents)  w i l l  not c o i n c i d e , When the v a l u e  of / i t . is reduced (the
s o i l  t ean1 e r a t u r e  a t  the  depth of the annua l zero ampl i tudes  has been over-
s t a t e d )  the  hea t in 1 U t  In sec t ions  w i t h i n  the layer  of f r e e z in g  ( t h a w i n g ) is
g rea te r  than  the  output , and below the  a c t i v e  layer is s m a l l e r . But if L

~
tA

has been overstated , the reverse r e g u l a r i t y  w i l l  be noted . On the  bas i s
of t ha t  p o s i t i o n  it is possible to prop ose  a r occ2dure  f o r  calculating the
teinj i c -r at u r e  s h i f t  by successive aI pr~~~ in ut i o n s ,  h a v i n g  obta m e d  t he  hea t
cycles at an arbitrarily taken va lue  of t~~, it is necessary, depending on the
va lue and sign of the inbalance , in various sections to vary t H be fore  estab-
l i sh ing  (with the prescr ibed pr e c i s i o n )  e q u a l i t y  of iw ut  and output if hea t
in thexn*.

The difference between t and t
11 in that case will b-3 equa l to the teim-erature

shift in the given concr~ te case,

In accordance with the indicated procedure a number of calculations have been
made of heat cycles in a layer of ground with the depth I — 12.05 meters in
the sect ions a = 0, 0.2, 0.5 and 5.0, as a result of comp ilation of wnich the
amount of the shift was determined under the following conditions : ~<

2 =

= 2.14 x l0~~, 
~~ 

— 1.38 x l0-~ m
2/hr , Af 

= 1.07, ~~ — 0.69 kcal/(m)
t (hr )

(degree), Q~ 23 ,680 kca l/m
3
, ~~( r )  — t - 7.5 s in  %‘~t

- and T = 8760 hours.

Presented on Figures 136 and 135 are curves of the change of hea t fluxes in
the  course of line in the indicated sections , the course of the interfaces

~1 ( r )  and 
~2
(1) (the number of zones varies from I to 3) and g r i t h s  of ~~~(t)

at  t +3
0
, As a r e su l t  of the  ca l c u l a t i o n s  the  f o l l o w i n g  va lue~ of ~~~t,~ were

dete~ m ined :

:1~
i 

\ I i . ( )  ;:~ Hf if ~ ‘2-~

~pu t 0 - ;~ \t~ ‘i -IT,’ ‘~ 
- 3 ,-1T ’).

The va lues of the input and output parts of the hea t cycles in the sections
under consideration obtained at the found va lues of 1

~tA 
are presented in

Table 77. Presented there are the results of calculation of the heat cycles
at an incorrectly selected value of ~~~~ when at t 3° st), was or i gi na l l y
assum ed to be equa l to the s h i f t  a t  t — -3 , tha t is, was understated (0.45

0instead of 0, 75 ).

~The course of the Interfaces  changes i n s i g n i f i c a n t l y  in tha t case.
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Figure  134. Course of freez ing and Figure 135, Course of f r e e z i n g  and
thawing  and the dynamics of the thawing and the d ynamics  of the hea t
hea t f luxes  at  d i f f e r e n t  depths at  f luxes  a t  d i f f e r en t  depths a t

a - q ( - t ) , k c a l/ ( m 2 ) ( h r )  a - q (t ) , k c a l/ (m
2 ) (hr )

Table 77 Results of calculations of hea t cycles at different dep ths at
different values of MA

- 
T ei .i0060- t , —. ~ . f , - - 1, -

— O. i~~ ~~~~~~~ 
-~~~ - ‘ u1 — Li ,:

0 — 2 - l i i i  — 2 -  5 - 42 21 .2
0,2 a 

— I I ii 1 22 04
0,5 pIe ii~ 1 -

~~~ _ — 1-i 0--
~ I -~

5,0 12M ~~l — 3d

~) b ‘ if 0) I. 2i
0 20 c ’JI) 24 2 2 4 - 01
0 5  lIi 1 4 - l  45 1 3 1  i i )

5.0 lii i l i e ,  I f . ,

Key: A - Depth , meters B - Heat cycles, kcal/m
2 

a - output b - input

It follows from Table 77 that the ba lance of heat dur ing a cycle depends sharp ly
on the amount of the temperature shift. Quite analogously the value of ~~~ is
found in the case of boundary conditions of the second kind on any of the boun-
daries of the layer of annua l fluctuations.
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2 . in ve s t  iga t iO U  01 t he  D y n a m i c s  of the  i c-rnp e r a t u r e  F i e l d  in the  [p e r
1 i ,’e rs  - f  t h~ L it ~~osp he-re W i t h  Cof l f ;  Ph. r a t i o n  of E a r l y — :  e r  m d  F l u c t u —
it I O n S  ot t he  I era t u r e  of the Surface 

if t he  c a r d i n a l ques t  ions  of ge o c r yo lo g y  is t he  inves t  i gn t  i - an if t he d y —
na m i c L ~ if  the  tern; r at u r e  f ie l d  in t h e  UI Cr l a yer s  of th c -  1 Ithos 1 h e r e , w h i c h
f - ’r ~~ . as a r e - s u i t  of the  mutua l f-LUI e-rpos i t  ion of s e v er a l  t e r n :  era t u r e  osc ii-
l a t  i o n — , of d i f f e  r~ n t  er l od on t he  s u r f a c e . However , t h e  solUt ion of tha t

p r - ’ h l e r n  u: to  now has been accom~ li :;hed extremely a~~~rixi rnately. Ihis is ri—
man ly connected with the t a c t  t h a t  the examination of the :-r blem involves
solution f t h e  rob l em un d e r  a s up er f i c i a l boundary conditi on which varies
a c c o r din g  to a com~ lex law in t he cour se  if long  i nt er va  Is. in ad~~it ion , in
t h e  giv e-Il CaSe the ~r i o b l e m  is  known to  be a m ult  i f r i an t  one , as t h e  number of
m b  i le boundar ic-s with in t h e  l I m i t s  of the  1 ir ge ;~t of the  per iods of t en~ era-
t u r e  o s c i l l a t  i - - r i  on th~ surface v a r ie s  f ro m  0 to 3 or more . S i n c e  t h d i f -
fer e n ce  be tween  the  p e r i o d s  of the i i s c i l l a t i o n s  is r a t h e r  large , in the course
of the  r - c ess t h e r e  s yst d n k- l t l c . l ll y  occurs  the f o rm at i on  of a zone  w i t h  a sur-
f ace  and  the ’  d eg en er a t  ion of one or severa 1 zones in t i ~ ~~o m t  • F i n a l l y ,  in
the  case under  c i i i t s i d e r a t  jofl, co n s i d e r i n g  t h e  l eng th  of the  rocess , t h e  re-

g io n  of in v e s t  i gat i o n  a l s o  mus t  he r a t h e r  l a r g e  (of t h e  order of 
s~~l 

i
s ’ ~~~~~

1 is t h e  d e p t h  if  r i ~~aga t ion of the  5— t h  o s ci l l at  ion of term er~I t u re  on the
- -ei r f a c e , w h i c h  i -  f ound  w i t h  c i s n s i d e r a t i o n  of t h e  cor re sp ond ing  a r r n l i t u d e  and

p c - r i n d  of o s c i l l a t i o n s , a n a l o g o u s l y  to  t h e  de-~ th  i f  the  “z e r - - ” arinn a 1 arm ii—
t u l e s  w it h  a r~ se rve  f r o m  the  w e l l -k u wn F o u r i e r  so l u t io n  (3~~3,1+ ) , and  h is
t h e  number of v i b ra t j o n — ) ,  T h e r e f o r e  on the  lower b o u n d ar y  if t h e  r e g i o n  f
inves t  igat i n  it is necessary t i  g i ve  a b o u n d a r y  condi t  ion ~f the -  second t~r e~~
determined by th e value of t i e  ge thermii I gradient .

E~’ery th lug said above- has the r e s u l t  t h a t  t h e  use of known differe nce f l l ct  1 : ii

- -c  s o l v i n g  St~ f a n  pr - t i l e ’is , in  t h c-  i n ve s t i g a t i o n  of the  r r i ib l em  un der  cons i d —
er . It  1011 i S  I [~ i J e  d i f f  i c ul t .

A t  t h e  s .ime t ime , f i r  numerous  Ca s e s  whe re  the  h e t e r o g e n e i t y  of t he  med ium
w i t h  In the limit , of t h e  reg ion  of inves t iga t ion  can b c- neg lec ted , t h e  s o l u —
t ion  i f  t h e  p r ( i t ) l e m  of t he  d ynamics  of t h e  tern :  r a t u r e -  f I e l d  in t he  u ; er
l ayers  of the  I j t h i i - p - h e re  can  be r a t h e r s irn ly  and  e f f e c t  iv e ly  fo un d  by th~
method of r educ ing  the S t e f a n  p r o b l e m  to a sys tem of o r d i n a r y  d i f f e r e n t  1 . 1
equat ions. Let at t he  i n i t i a l moment  (~~ 

0) th e medi um be i t t  t h e  t h , I w c d
( f r o z en ) s ta te , that  Is , s i n g l e — p h a s e . ih en  the  change ‘f t he  p - b a s e  s ta t e
can be j - r e r ;e i t t e d  s c h e m a t i c a l l y  in t h e  f i l  lowing  for m  ( f o r  s imp l i c i t y  we w I l l
l i m i t u r s e  lves  to a 5 — f r o n t  p r ob l e m ) (Figure  136). There the  f I gu r t s  in-
dicate t h e  number  of -z i i nt ’s , and car— k-s t h e  p r o b a b i l i t y  if the  f o r m a t  jo f l  of
wh ich  is low are marked with an a s t e r isk .

F igure  136. Schematic diagram
1 ~~~~~ 

/,7
’ 

- 
if the change of the number of

- ~~~~~ zones during perennial freez ing

1—— 2 
~~ ~

‘
~~~~\ ~ 

~ 5 and thawin~’.

~ I 
~~~ 

- t ’
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As  an  i l l u s t ra t i o n  we - w i l l  ex a m i ne  t h~- dynamics of t h e  tern 1 c - n a t u r e  f i e l d  a t

it ’  t 2 21) -w  - t ~ t - 2 SIll - I,-, 1’ Iii 1 1 /

wh er e I is the  p e r i o d  of annua l o s c i l l a t i o n s  (8760 h o u r s) .  The  selection of
th~ m d  Ica ted harmon ic s (annua l , 11- and 60-yea r oac 11 l:tt i n s )  and t h e i r  am-

~ lt tudes  was de te rmined  w i t h  the data  i -if r eg ime observa t ions  in t he  Skov,iro-
dini i borehole, O~ the lower boundary of the region of i n v e s t i ga t i o n  ( I  = 200
m~- t c - r s )  i s  g iven  the  hea t f l u x  cor resp onding  to d i f f e r e n t  va lues of t he  geo-
therma l gradient g.

-\ d : tc--d in the  c a l c u la t i o n s  were the f o l l o w i n g  v a lue s  of t h e  t h e r m o p hy s i ca l
characteristics: A f 

— = 1 kcal/(m )(hr)(degree), Cf 
= C~ — 500 kcal/(m 3)

(degr ee -)  and  ~~ = 25 ,000 kca l /m
3
.

i~ i~ results of numer ical integration of the problem under consideration within
t h e -  l i m i t s  of h a l f  the  larges t  of the p e r iods  (40 yea r s )  a r e  presen ted  In Fig-
u r e s  137 and 138 . If the o sc i l l a t i o ns  co i n c i d e  in phase ( i n  tha t case the
c h a n g e  of t h e -  a v e r a g e  annua l t emp era tu re  on the s u r f a c e  t eyt ’) in  t i m e is w r i t -
ten in the f o r m :  

-
- - - ~‘ -

I i 2 - 2 ,I: - t 2 — i n

t h~~ c a l c u l a t ion s  were made at a geotherma l gradient of 0 .03 degree/rn .  However ,
in the  CiSc - where the  perennia l o s c i l l a t i o n s  are  in counterphase  w i t h  the  an-
nual , t h a t  is ,

- . 2 - ‘2c r - - :  2 — i n  r ,i i r

t’ e e xam i n a t i o n  was conducted  at  d i f f e r e n t  va lues  of the geotherma l g r a d i e n t
(g — 0.01 and 0.03 degree/rn).

F igure 138 presents the corresponding diagrams of t * C T ) w i t h l n  t he  l i m i t s  of
the t ime interva l under consideration . As follows from an examination of
Figure  138 , when the oscillations coincide in phase , w i t h i n  t he  next  20 years
t *(T’) , w h i l e  va ;y ing  on account  of p e r enn i a l o s c i l l a t i o n s , rema ins  p o s i t i v e .
In that case it was assumed tha t SA t: 

= A
f and , consequently, the number of

zones does not exceed 3. The dependence of the maximal depth of freezing on
t ime reflects comp letely the dynamics of change of t*(C). As f ol l ows f r om
F igure 138, under the given conditions the format ion of a frozen layer (inter-
gelisol) will set in not earlier than the 28th year. It Is obvious tha t if
a t emp e r a t u re  s h i f t  occurs , then by at least  the 20th year the formation of
an intergelisol of small thickness will occur , the t ime of existence of which
w i l l be s h o r t .

However , if t h e  p erennia l o s c i l la t i o n s  are  in counterphase with the annual ,
t *(z: ) w i t h I n  the  l i m i t s  of the time interva l under consideration undergoes
si gn invers ion  4 times, However , the formation and length of existence of
the intergelisols in that case depands sharply on the value of the geotherma l
gradient. Thus, at a rnxima l value of g (0,03 degree/rn), in spite of the
negative sign of t*(.C), In the interva l from 1.5 to 5 years the formation of

permafrost does not set in. In that case the depth of freezing reaches 2.15
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F i gu re  137 . Change  i f  the dep th of f r e e - z  ing  (thawing) in  t ime :
a — m a  p e r i o d  of 1—10 y e a r s ;  b — 1 1 — 2 0  y e , i r s  1 —

I .~ O n  .~~
-

- ‘ 2 s i r  ~~, r 2 s ii ‘
, t ,

2 ) , 0 ) . s — ’ - ’

t t 2 2 - r i  - 
— t 2~ ,rr - -

III’ i - /

-; i i  - ‘ - ‘ - - ‘

2 2~~:ri t

~~~~ 
i “ / \  /

~~~~
. 1>~ç !~T\ i\~C - ,, 1.4 

~~~~~~~

Figur e 138. Change of the  a v e r a g e  an n u a l  t emp era tu re  of t h e
su r face  of the ground In t ime : 1 - Y~ y e ar s

• u 2 - 2 2 ~:l1 
~

, t .

2 t • I t - 2~~~--’ si l l ~~~~ 
. 511 1 ,,
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i ; . T h - ~ c e - - anal ~n i -4-z i ng is i_n - p 1 0 1 ( 1  by s- -es na l th0wing --nl’ j duri :~~, the
s i t  - c [ t l e f l t  e s t i l i  iiile u t  if nc -g . i t i ’.’i- v a l u es of t~~( 

~~
‘ ) ( l l — 1 5 .h ‘ f e a r s ) ;  in

j i l t r~~c- I is 1 with thIckness of 12 cm forms in the 1-~t h y e a r  and  d i -nip p e a rs
a f t  i r 2 . 5 ‘‘ - - i r s • Th t - - t a  I t h i c k n e s s  of t h ~ f r - z e  n g ro u n d  in t he  g ive U
v - r i  s f r - r n  1. 68 (2 1)t l ; y e a r )  t - -  2. 2 9 m (, 1 ~t~ - yi ar). -n ~i -vi - r , i f  t h ~ geoth r —
ma I ~ r i d i e  i t  is 0.hl degri-~ / 111 , t h e -  1 -rrnn t ion  of i nt e r ge  1 i so l  - occurs dur  i r ~~
1 ~ the f i r ~~t , i n d  t h i r d  s i gn i n v e r s i - - I l s  of t~~(r ) .  The va lne - - - f the- i n t e r —

g e - I  P- -is C- -rr e-: ending t -  t hat  r each  10 and  22  cm , and t h i  t h i ck n e s s  of the ’
f r oz i  n gr owl is 2 . 2  and  2 .38 rn • T h e -  d e l a y  in the  f - r n k i t  ion and disa :nen r-
anc’: I 1st  - r g e  I i s oi s  in  c- -mi , i r  i son  w i t h  t h e  c o r r i - sp  n d i n g  rn -in ~ n t  -i f in v e r —
sj c a  t t~”(~~~) re ,icli - - 1.5—2 “(,irs , ~h , i t  is , d u r i ng  dec r e-- se- - f th e  va lue  ri f

g len g t h  of ex i s t  e n i c c -  of t h ~ p cr1110 f r z  e n  in yer inc’s a se-s by 1 • 5 y e a r s .
Ih e .  m ini nti l dep th f f r i  e-zing in  t 1 ; f i r s t 17 y ’or s re- , i c h i - s I . 9~ rn I : - , t h e  8t1 .
“c- ar a ’. g = ).0l degree/rn.

; , in - g i t e -  i t  t~-ie f ac t  that , during change of t’le go i-the ruT~i I gr di i n.t 1: -
ra t s r  i r — ,d l i m i t s  th e-  to ta l dc-p t h  rif t h e  g round  f r - z e n  in the c-aurse Of 20

‘t~~l 5  d t f f rs insignificantly , fr- ut t h e  gi , i l i t a t i ve- t o P - i t  of ‘,_n s t h c -  p ict u r e
ch a n g e  ; - h a r p  I v .  Incr ease of g le a d s  t o  ,i cons i d er ab i c -  d e c r ea s e  if t h e  length
- f c x i --t rice -f i n t e r g el i s o l s .  F i n a l l y , if at small va lues of t h e  g e o t h e r ma l
-cr c-sd i en t  i c - g a  t l v i  t e r m  era tures on the s u r f a c e , as a ru le- , lead  t o  t h e  C -ruin -
t i - ~n -f i n t e -r ge l  i s ol s , , tt  a nornt i  1 geotherma l g r . id i e  l I t  t i _ n -  f o rn tt  ion  -f p c - m m -
f r i z e n  gr o u n d  ccu r ~~- on ly  in cases where  t h e  sum -f tse f r~~s t- d eg r e e_ h eu r s
[d e t e r m i n e d  on t h e  b a s i s  of t” (m)~ is at least 30-35 x 10 degree-hours. ~t
is - b ’~’ i- us t h a t  in t h e  p ri, senc e of a t i  nip r a t u re  s h i f t  ever .’t i ;  log s a i d  a bov e
m u s t  be c- - r u e  at  1( 1  IU an  a~-r - r i Ip i r  ia te  m a n n e r .

2.  In v e r , t  i g . t  io n of toe (‘ r ice- sac - s  -f F r e e z  i i t g  and T h a w i n g  -f R o c k - ;  ~ i th
(h i t ; ,  id e-rn  t i ‘in of Ph a se  1 r an s  it i l l s  of I’ n f r -  z e n  W at e r  il y Mc - a to, of a
Sc- i f - mo d e l i n g  S o l u t i on

I • Fr . - e -z  log ( T h a w i n g )  of ?i r - u s  B o d i e s  W i t h  C o n s i t h ra t  i- ri of t i c -  Curve - of
V n f r z , - n W a t er  in a h e - I f - m o d e l i n g  Cas e -  ( the  C l a s s i c a l S t e - f a n  Problem )

At  t i e  r i - s i - n t  t i m e  a solu t  ion of t he  p r o b l e m  of the  f r t - e z  Pig - t  l ’~’ •~~~ 
bod ie s

in t 1 o r a n ge of n e g a t i ve  t e mj i er at u r e  d u r i n g  a r b i t r a r y  b o u n dar y  c o n d i t i o n s  i - .
inS Ib i c  on l y  b y tic - of t he  d i f f e r e n c e  methods  it  s o l v i n g  a q u a s i - i  inc -ar  S t e f a n

pr ( ib l -n i . Of g r e -a t  i n ter e s t  in t h a t  connect  i i i  is the d e t c - r i n i n .t ion by means
of a , c - l f - n i  dc ing solut ion of some genera l regular It ies of the influence ‘f
t n t  i c t  -c n i t , - I i t  c u r v e  on t h e  rocess of f r e e z i n g  In - rder  t i  use the -rn subse-
- i  n i t  ly  in correct lug the  re-su  I t s  of c o r r e sp on d i n g  ca l c u l a t  unit s in t h e  gener-
al l-j i- ,, - f  u l  c la s s I ca l h t e I , i n  f o r m u l , i t .  Ion ( s ec t ion  7 , Chap te r  3.

F i r  a ‘1uant I t , s t  ly e  e s t i m a t e  of the  i n f l u e n c e  of phase t r a n s i t  ions of water on
th e  c- - n r c f freez lug and  t h a w i n g  a number of ca Icu i a t  ion s  i f  the freez log
f r e - i l  s’ ii - . • -  l o am  and sand (their thermophys ica p rop-e’rt lea  in t h e  thawed

arid fr -7, - Il - ,t - i  tea , and a l s o  th e-  e f f e c t  ive hea t Capt i c Ity C a re  presented
In l ab ic - 78) were  made by means f a self-modeling solutI~ n -n a cont i n u ou s l y
act, log I~~I- 5 c--m jute’ r i n -  t i l l e d  in the i)epartment if G eo c r y o lo g y  of MSU and
a l s o  ,-i “h t r e i a ” d i g i t a l computer of t he  MSU Computer Cen te r .
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2 - k c , l - ’(m ) ( h r )( d e g re e)  3 - k c a l/ m  ~ - k c a l / ( r n  ) ( d e g )

I n -  c,i l c i l , i t  i - - u s  ae rt mide - i t d i f f e r  n i t  sur~ ccc - tern; e-rature5, T and in itia l
t - irc - -s of the uc - - d i u m  1

1 
- - ;  1 , c - t h  cons i der a t  i - i  of the- ide- — f - c r un i a t ion

a it - ‘ , a n d  i n  t i n e -  -
~ i,,-f i n  f - r n n i l , i t  i n . In the -  latter Case it wa s  a s sumed  th a t

if t c -  rn .  i s t u n  I > 1) I a  g i v e - n i  ofl tie surface th i n the- quantity if h e a t
- i t  ~~l s c s e  t r u s i t  I i i  at  00’! v a l u e  - - - t - 0 c- -rr espi-nds to  the ice- — f - - un i t i o n
- P i t  -, c- at the t c - m p  e- r ,it u r e -- t I

0

i d e  j i i f l - i , ; L  C t i ,  c u r v e  - - C  ic f o rm a t i o n ,  - u i  t h e  he p  t~ -i f fr eez lug can he
e n - t i~ri~~t eeI i - y  c ni p r jug tine values of o~ , wh ich  dc - - t u r m i ne  t h e  I n o s i t  i -u - i of the

r t  i~ - n e - u r n  in t ime (si Ct i-- ri  8, C h a p t e r  3) , - - bt a  m e d  i i i  t h e  t v -  cases  under
a -as  j d~~r ,i t ion ,

I ii~ r c - ,u l t  s - f  c i i lc u l a t  i - - n  of t i n - - i r e  v a l u e s  of ~ as a functi- -n of T 1 at d i f —
- r i  n i t  v i  Pie’s 1 I are r~ p r e - s er i t e d  by t he  s o l i d  .cu d  broken l i n es  re--a e - ct i v e ly

I - i l  F ignu 1 39 f r “t he ca ~ e 1 . in i  ( heavy  l i n e )  arid sa nd ( l i g h t  I in ), As
t i l l o w s  f r - - i n  an ~a r n i i n i i t  ion -f th em , in t h e  case of ca l c u l a t i o n  of t 1 ic  curve

L ice t - - t i - i t t  t h e  r -  -aess  of f r e u z  ing p r o c e e - d a  more j u t e - n i - ;  ly e -  iy t h , s n i  in
t h e  d i n i a r y  h r  e t a n  f o r m u l a t i o n . ~t i x i ma  1 d i v e r g e n c e  occurs a t  t h e  z er o  ii i —
1 i i  t ll lp  c - r , t l i r e  of t h e ’  med ium and g r a d u a l l y  decreases dur log i t s  increase .

‘~s t - - l  l - - w ~ I r - i Fi gur e 139 , at I ~~5
0 

t h e  m a x im a  I d i v e r g e - i t c e  f i r  loam is
I .5~ 1 , wh e r e a s  it I - , o n L y  3.1% f i r  sand , In  t h a t  case t h e  re -duc t  ion of t he

ni t ;  ~ r a t u r .  on the surf ic ’-  f r - ni —0 .5 to —5 a f f e c t s  g r e a t l y  th~ in c r e a s e  if

l iv , rge i C t , ,iS it c - - n i t  j n u e - 1~ t i  i n c rea se  ~i t  T < _ 5  , wherea s  in t i n e - -  c i s c -  ‘if
- c a d t he  r S X l m u i l i  - - f  d i ver g e n ce  In ,  w e a k l y  exp ressed  sod a t  T < — i (ou t s ide

t h e  reg i - - i  - - I  s u b s t a n t  i i l  1 h a n ; e -  t r i n i s  i t  ion s )  the  divergencc °gra dua l i v  dccr e -~~~e-s .

P i l l s , ,lS  f i l i ws f r o m  t h e -  r e s u l t  n; if  c,slculat l i n , f o r  san dy s o i l s  in u r i c —
t i c~ - can neglec t  ca lc u l at  lot s ‘i f  t h e  fc i r r&i t ion of t he  f r e - e z  t r i g  zone,  h o w—

c- - er , wh i i  the phase  t r an s  it ions -f wat er  occur in the range  of temp e r a t u re s ,
t I ~~ t i~~~ tb .  c - f t  c - c t  ly e  hea t cap ac ity  d e c r e a s e s  g radua  i l y  dur ing a temp e - r i t u r e

lu-a t ion (finely d isp erscd soils ), dur ing ca lculations In t he  S te f a n  forias-
ci t h e  c1e1 t h  of f r e e z i n g  w i l l  be con si d e r a blX  u n d e r s t a t e d , e sp e c i a l l y  a t

ave-r i g - a nnua I t. s-rn 1 - c - r i  tur t /s of th e  med ium near 0
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Figure 139. Results -f calcul ,it i - -r i  of

\ ~~
‘- ,., t h e  value -f ~ as a funct i - f  the

gr iund t e t I~ er at u rc -  ~ i t  d i f f e re n t  t e r n —
p er ;t  t u res  on the- sur face- I in Ca icu -
L i t  i - u i  of the  zone  of f r e - e -~~ing ( s o l i d-

~~ ~~“(. 
-

~~ S - - - 
- 

- --
~ 

l i n e )  and  I r it  I -rm a t 1 -n (b roken  l i n e
f - - u  ( a)  sand and  (b) 1 - - rn:  I - -  I

- ~~~~~~~~~~ 
~ - 3  , 2 -- I -~~.5°, 3 -- 1 = -1

- -  I = -0.5°. a -- hrs

- -
1 if)

l i - - w e - ver , a iso in t h a t  c i s c  at  -,ma 11 vu lues of I (above  - 2 )  and a t  r i  t n c r
h i g h  va lues of I~ (above  5-10 °) the  I n f l u e n c e  o~ the- z - - - ie- - - f  f r e e z i n g  w i l l
he sn~iI1  —— l s - , th an  5 f ,

2 ,  The -  I n f l u e n c e  - - f C o n s i d e r - t i  f t 1 ; 1cc- I - t i - - r n  dur . - on -

L ilaving i- f t h e  h r - - n a i l

Inves tigations -if t i n . - pha se tran - It i - - n i  - f  ; i t ,  r l i r  P ;g  th ~ t h a w i n g  of rocks
i r e  conducted  a n a l o g o u s l y .

Fi gure 140 r e s e n t s  t i le  r e s u l t s  f Ca 1cu 1~i t i - - n i  - of ;~ y a lu ~ - , - f ~ de t e rmin -
ing the  course of t h a w i n g  under  d i f f e r en t  b an i . t r y  c in d i t  I ~T and  T

~~
) f u r

two types of ground —- l o am and sand , ~‘ re s c - n , t e d  i i i  t he  , iun e p -  lade i r e  va lues
of ~ corresponding t - -  the o r d i nar y  f o rmu l a t  i - - n  of id S t e f a n  r - 13 1cm . The
thermop hysica l da ta are presen ted  in r u b l e  ‘c-

~.

As f o l  lows f rom the  presented  r e - a u  I t s , irs c o r i t r , c ; t  w i t  - t h e  freez ing , the
t h a w i n g  of porous bodies wi th  cons Ider at  ion of t h e  c u r ve  of t lic- ice c o nt e n t
proceeds at different values of -i 0 less l n c t  c - r i - ;  I v e - ly  t h a n  in the  S t e fan
f o r m u l a t i o n.

At T
1 

— 0
0 

divergence o b v i o u s l y  is not prc-sent , as no z i - i t e -  of t h a w i n g  Is p r -
sent .  W i t h  increase  of I t  t he  d ivergence grows , hut  a t  s u f f i c i e n t l y  l a r g e
va lues  of 1T 11 (since the r~urve of ice formation has a hor i z o n t a l  asymptote)
i t  decreases, In connect ion  w i t h  tha t , for each value of I a v a l u e  ‘r ,~ Ki s  found at which the divergence r e - a c h e s  a maximum , its p o s?t io n  t h e n  be ing
dependent  on the ice content  curve~ T h i s  Is very graph ically ev ident in the
case of loam on the  cu - e I — 0.5 (at  va lues I > 0.5

0 
approximation of the

curve s tar ts  at I < _ 100) . 0 In the case of sand°the maximum divergence sets
in pract ically ini~ependentiy of the’ value of T a t  T ~~ - 2 °,

Such a p icture is exp l a ined  by the f a c t  tha t t h a w i n g  in the temperature range
leads to phase transitions of water anywhere at t ~ 00 , tha t is , in the e n t i r e
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- H l i t
L i  -I L~~ F ig i.rre 140. The r a t e  of t h a w i n g

- l
_ _ 

- 
- . ~~~

-
~~~~

‘ -f so i l s  of the  t y~ e i -f (a) 1 - - c m
- - - - - 

ar i d  (b)  sand in the  tern ;~e r a t u re
I range  ( s o l i d  l i n e )  and  w i t h  t h e

- 
f o rm a t  j i n i  of an  i n t e r f a c e  ( b r o k e n

1 , c , c  I I I  I I ! -  
_

2 ,  —- , i n n  l i n e - ) :  1 —— a ; —— .5 ; 3 — —
3 ~ 

5 - - - i i - i t  - I - - - 0.5°. - h - irs

Key :  A - Ic-ni p e r i t u r e ;  B - Loam ; C - Sand ;
a - W  , 7o

un
1 - ~f

(O), kcal/(m)(hr) (degre-e)

2 - X  3 - 1  , kg/m 3
t vo l - sk

~~~a tu r a  1 m o i s t u r e  content

f r ozen rock m a s s , as the  t empera tu re  curve at  t -
. 00 w I l l  be above the  I n i t ia l

distribution of temperatures t = I~~. At the  same t ime , in t h e  Stefan formu-
l a t i o n  t h e -  phase t r a n s i t i o n s  occur o n l y  in the  interva l L O , ~~ 

in connec t ion
w i t h wh ich t h e  t h a w i n g  in t h a t  case I n c r e a s e s,  For g rounds  of the  type of
sand the p r inc ipal  phase t r a n s i t ion s  occur In a narrow t emp erature  range at
t ‘ -l , since- at I

i 
‘- -2 the elevation of temperatures in the main part of

the f rozen  mass , connected w i t h  increase of I , has  an i n s i g n i fi c a n t  i n f l u e n c e
on the  process of t h a w i n g .  In t h e -  case of loam , however , Increase  of I has
the result that even a s l i gh t  e l e v a t i o n  of the  t emperatu res  a t  grea t depths ,
where the t emp eratu re s  are c lose  to T

i,, 
can substa nt ially increase the tota l

amount of hea t of phase t r a n s i t i o n s .  The re fo re  In the  case of loam the  in-
• fluence of the curve of ice f r - m u t t o n  w i l l  decreaase  at c o n s i d e r a b l y  larger

va lues of 1T 1 1 tha n fo r  sand.

A s follows from the results of the ca lculation , the inf luence of the curve
of ice formation on t he-  depth of thawing  can be cons ide rab le  even for  sandy
soils. Thus , at -l — 0.5 consldccration of the phase transitIons in the tem-
p e r i t u r i -  r ange  fo r °sand a t  T~ ~ 2 ° leads to a reduc t ion if t h a w i n g  by 19%
and in the case- of loa m by 2~~%. For sa nd , however , e l e v a t i o n  of I or I T

1leads t -  a sharp decrease of the i n f l u e n c e  of the curve of ice for~ation ,
whereas in the case of loam the maxima l divergence in the r a t e  of th awing  is
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- n l y  s h i f te d  in t h e  d i r  Ct  i ntl of decrease  of I ,  Bes ide -  t h a t , in c o n t r a s t
w i t h  f r ee - -i. ing , dur ing t h a w i n g  the -  c on s i d e r a t i o n  of the-  cu rve  of ice cc-intent
has  •i -~ub- ;t .int i i i  i n f l u e n c e -  on t i l e  t e m t c r a t u r e  d i s t r  ih a t  ion b y depth . A s a n
11 l u s t r i t i i i n , ‘ h i  r e s u l t s  of ca l c ula t  ion of t he  t i - r n 1  i r ; c t u r e -  c l i st r  ibu t ion dur-
ing t h a w i n g , both w i t h  c o n s i d e r a t ion  of the  ice con ten t  curve -  and in t he  S t e - f a n
f o r m u l a t i o n  or e -  p - r e s e nt e d  on F i g u r e  141 , accordIng to the- data of which  it
f o l l o w s  t h a t tern 1 er a t u re s  by depth when the  curve- of the  Ice -  cont e n t  Is t s k e u
lt~i to  c o ns id er a t i o i a re  cons iderab l y l ie -c r th a n In the St e - fi r - i f o r m u l a t io n . In
tb.  c a s e -  - i f  sand at I = 5

0 
a r i d  T = _ 2

0 
t i n e -  d i v erg e -n i c e  r e - a c h e - -5 0. 50 , but in

o i i  1 o o
t-n.p ca-;e if loam at T~ = 5 and t

~ 
= —2 t h e  d i v e r g e n c e-  e-xc e- e - dn ; 2

-
— 

- 

~~
, • F igu re  141. T emp e r a t u r e -  d i s t r i b u t i - - n

by d epth  in froze-n soil s f t h e  t y p e-
of h i m >  ( a)  and sand (b)  a t  T = 50 :

,~~~
“ _ d fi ~~

.- 1 -- in the -  case of t h a w i n g  i~ t h e

/ 
/ /i temperature range; 2 - wlth f i r m a t i o n

/ / i i of an interface-
( - t I iI /

I / I t
- Thu s c a l c u l a t i o n s  of thawing of soils by

- - the  usua l procedur e w i t h o u t  Cc - ins ide-ra t  ion

— 
of phase  t r a n s i t i o n s  in the  temp e - r t t u r e

- 

- 
range lea d fo r  f i n e l y  dispersed s o i l s

I (w i th  smooth change of the ice content
curve-) t o  considerable distort l--i ;c °f the

- t empera tu res  and  decrease -f the-  depths
of thawing by up to 20%~. In the case- -f

- - - sandy so i l s  the -  Indicated effect occurs
- - on ly  when there  a re  low t emp era tu re s  on

the  su r face .

3. The- Influence of Consideration of the Ice Content Curve- on the Process
of Freezing and Thawing of Soils With Different Natural Moisture

We will examine the influen ce of change of the amour-it of free- water (or the
na tu ra l m o i s t u r e  content of the soil) on divergence between solutions of the
problem of f r e e z i n g  w i t h  c o n s i d e r a t i o n  of the curve of u n f r oz e n  water and
the classica l Stefan problem under analogous conditions.

D u r i n g  both f r e e z i n g  and thawing  w i t h  cons ide ra t i on  of the ice formation curve
change of the amount of free water (w

e
), that is , the natural moisture con-

le nt  of the so i l , does not change the non-linear differentia l equation to
wh ich the problem under consldGcatl~ n is reduced In the self-modeling case.
This is connected with the fact that the Ice content curve for the g iven
s o i l  its j r ;sc t ic e * is a physica l characteristic independent of the mois ture
content In the natura l state.

*CaseS where the natura l moisture content is smaller than the maxima l mole-
cu la r  do not p lay an Important ro le.
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• 
Figure 1—i 2 p r i - s e - n i t s  t h e  r e s u l t s  - i t  Ca i c u l at  ion of the v a l u e - s  of -X d e - t e r m i t i —
ing the dy rism ics i f  I r e-.~i. l u g  du r j ug c orn s  i c l e r , i  t 1 - - n c  of the ice forma t ion cu rve-
is a fu n c t  i - - n i  if w fu i r  t h e  v i lucs -f the- m i t  i d  t emperature  T = 0.2 aridn a t  • I
I - )  

- 
and the tetnr r . c t n i r e  if the surface I — t ) .5 , —2 .5 and _ 5 F-re sent ed

it  the- di i te  p- lace arc sirnil ,sr ca lcul .’it i - ~~is - f thcu p r i - b i l e - r n  j r - i  the- C a l
S t e - f a n  f i c r m u l a t i o n . u s e  c i  i c u l a t i - - n i a  w e r e  ma de- f o r  two e a s e -n t  i - i l  l y d i f f e r e n t
Ice- I - -rr r ~ c t loris in  I n c -  r a n g e  of nc-ga t ive -  Ic  tnt; r a t u r -a - -f th e-- I y~ c- - - of - 5°ii:
I earn a i-id s i  rid .

1 -  -
~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~ I - I 
- - -] - - : —. 

-
- - 

- 
1- - 

- -
• — ‘ h • - - - - f

F i g u re  lf i 2 . Freez ing  of s o i l s  of the type of (a) sand and
(b)  1 - - a m  d u r i n g  c o n s i d e r, st i o n  of tb -i c- ice- formation curve (I)
and in the  S t e - f i n  f o r m u l a t  ion ( I I )  (as a f u n c t i o n  of the

0 0
amount of free w a t e r ) :  1 -- I = -5 , I = 0 ; 2 -- T =

= -5°, T = 2 0 ; 3 -- T — -5°~ I lO °t 4 -- I = -2 ’ 5°1 o 1 o
T — 2°; 5 -- I = -0. 5°, 1 = 2

1
. a - ~~, m/~~ 

~i o I b - Q~~, k c a l/ m

As follows from the obtained results , for a soil of the type of loam change
of w 

~ 
p lays a s u b s t a n t i a l ro le  f rom the  p o i n t  of v i e w  of the i n f l u e n c e  ~cf

the ~f~rvc of ice formation on the course of freezing in comparison with the
Stefan formulati on . An esp ecially sh, i r p lifference occurs at a na t u r a l  mois t -
ure content close to the maxima l mo~ ecular (Q Is small) and the difference
achieves a maximum at — 0 kca~ /m . At a f~ xed value of I the- largest dl- 3
vergence occurs at 0 kcal/m and T

~ 
0 • For example , a t  = 0 kcal/m

for the case T — ‘.~5 and I
i 

0 the Increase of the depth cf ~
‘f reez ing

during consideration of the ice formation curve reaches 26.2% In comparison
with the corresponding Stefan problem and can be still larger at T < -5°.
W i t h  increase  of Q 4 the  r a t e  of free zing dur ing consideration of t~ e ice for-
mat  ion curve falls ”considerably more sharp ly than in the Stefan formu lation
( w h i l e  s t i l l  r em a i n i n g  a lways  larg er than the lat ter) , In  connection with
tha t , at large enough va lues of Q~ the depths of freezing calculated by the
two methods converge .
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For soils of the type of sand the differenc e in the course of freezing during
change of w has a substant ia l influence only at  small va lue-c of I T  ofna t  0
the order e-cf ~~, 5

0 
(for ex-imp le , at 1 = 0.5°, T~ = 2

0 
and (~~ = 0 kca l/m 3 

tha t

d i f f e r e n c e  reaches 33%). h owever , du r ing  decrea se of T or Inc rease  c- i f T
the do1 tb-is of freezing obtained at d i f f e r e n t  va lues  of 0(~ in  t he  S t e - f a n  1

formulation and with cons ideration of the Ice formation c~ rve converge far
more rap id ly than for loam. In addition , during increase of w the influ-
ence of the ice formation c~ rve also diminishes far more intenN~’eiy. Thu s,
already at Q = 5000 kcal/m (that is , at w - w of the order of 5%) the
divergence  ~f the  f r e - e - i ln g  dep ths at  I = 

na
~~ 5o U

~ nd 11 
= 2° drops to  13¾ ,

an d  - it larger values of I T and T~ -- °less tha n 4%.
0

Ihe  r e s u l t s  of s i m i la r  c a l c u l a t i o n s  in the  ca se- of t h a w i n g  of s o i l s  of the
ty p e of loam and sand are presented on F igu re  143 . The c a l c u l a tio n s  were mad e -

at I — -2 ° at d i f f e r e n t  va lues of

0lows f rom an ex-3mIna t~~on of F igure
- 163, calculations of the Stefan

- — problem g ive  subs tan t i a l l y  over-
— - stated values  of the t h a w in g  depths ,

and upon Increase of I for  both

a ‘ I a~ a function of Q • As fol-

- -  — — - loam and sand a convergence of .1

- - 
in t he  S te fan  f o r m u l a t io n  and  w i t h
cons ideration of the ice fo rmat  ton

- - 
_

— curve is characteristic. The suxi-
mal  d ivergence , as dur ing freezing ,

- is not ed d u r i n g  the  absence of f ree
water , but in both cases only at
small values of I (at 1 0.5°,

in the case of sand).
40.4% in the case°of 1oa~ and 19.4%

In addition , upon increa se of Q
-n -n , . ~‘~~Oi1 the convergence of the correspo~ d-

b 
~~~~~ ing curves occurs far more slowly

than dur ing freezI~ g, and even a t
Figure 143. Thawing of soil of the type Q —> 40 ,000 kcal/m the divergence
of ( a )  loam and (b)  sand dur ing  consid-  o~ thawing depths is con~ td erabl e
eratjon of the ice formation curve (I) (at T — 2. 5 and T — -2 for soil
and in the Stefan formulation (II) (as a of th~ type of 1oa~ above 127., and
f u n c t i o n  of the  amount  of f ree  water : 4% for sand). In that case it must
1 -- T 5°, T1 

— -2°; 2 -- T — 2 .5
0
, be borne In mind tha t f or soil of

-2 °; 3 -- T — 0.5°, 1 — -2 ° the type of sand at va lues  of I
o 1

3 
differen t from I — -2 ° the dLv ~ r-

a -~~~~, m/~i b - Q0, kcal/m gences will be siLlier , whi le  for
loam at I ‘ 0,5° and I < -2° the

0divergences can be greaêer.

Thus change of the amount of free water has a substantia l efLeCt in calcu lations
of freez ing or thawing not only of f inely but also of coarsely dispersed soils
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4
in comi cr ison with the  co r r e -n ;p  - rn -i ing ca lculat i - i n n s  in t h e  S te - f a n  f - - r m i  h it  ion .
In c a l c u l a t i o n s  of ti-se -- S t e - I a n  p r ob l e m  f i r  c o a r s e l y  d is ;  ersed s o i l s  du r i n g  bo th
f r e e z i n g  and t h a w i n g  -s c r r e - c t  ion mus t  be- introduced only at small values of

= w (up  to  5h) and  it sm a 11 absolute- values -f t 1 n su r f a c e - -  t emp i - r a t u r c
u R ~~~he c~~~c of f i n e l y  d ispersed sa i l s , how~ ve-r , d u r i n n ~ t h a w i n g  a c ’- r r ec t i o n
mu -,t  be- i n t r i - i du c e d  a t  any va lues of w

~~~~, 
wh erea s d u r in g  f r e e - i .  irig o n l y  it

w — w ~ 20%, Sir -ice  irs  comp or i s o n ’ w i t h  the  St -~ F t n  r ’~h 1 e~mc ice r - rmni t ion
n i c t  Un -

in t h e  t emp e r a t u r e  range  increases  the f r c - e - z  ing depth and reduces the th cwi ng
d e p t h , then it is necessary to introduce- a p o s i t i v e  cor r e c t  ion d u r i n g  f r e e z i n g
and a nega t ive one during thawing.

L~, D e t e r m i n a t i o n  of the  E f f e c t i v e n es s  of the  Ice F c -r m a t  ion C u r v e -

The above-examined  compar i s-- i r s  of s o l u t i o n s  of “I m e-ar ” and  quasi-I ine~ r rrob-
lem~ of the Stefan type was nude for a definite curve of unfrozen water , ob-
tained exper imentally for a specific soil. At the sam~ t ime t h e  curve -f un-
f rozen  wate r  a l s o  i n f l u e n c e s  the d i v e r g e -n - i c e— of the- re- -~u1ts of so luti --ns of
those  problems . A l l  t h i s  leads  to  - t r iced in s o l v i n g  the  p r o b l e m  of f r e e z i n g
and t h a w i n g  to cons t a n t l y  use a l ib ora  t r y - d e t e r m i n e d  curve  if u n f r - - z e n  water
for each specific soil , and this makes i t  d i f f i c u l t  t o  so lve  and  exc ludes  t h e
app l i c a t i o n  of known s o l u t i o n s  of the c la s s i ca l S t e - f a n  1 r ( -ib 1e~ w i t h  a f r e e z i n g
boundary .  h owever , by u s i n g  the i n d i c a te d  s o l u t i o n  of the -  se1~~- m c - i d e I i n g  ; r - b-
1cm w i t h  c o n s i d e r a t i o n  --i f phase t r a n s i t i o n s in t h e  temp e r i t u r .  r a n g e  it is
poss ib le  to propose a method  which permits s o l v i n g  the  g e n i e - - r i 1 pr ib 1 c m  under
cons ide ra t ion  by means of ca l c u l a t i o n s  c-if t he  c l a s s i ca l S t e - f a n  p r ob l em  wi th
a pr e c i s i o n  adequa te  for  pract ica l p urp Icses . T h i s  is a c h i e v e d  by u s i n g ,  in-
stead of the natural curve of phase- transition s q~~(t) at t 0 , a certain
e f f e c t i v e  curve Q Ct ) .  The l a t t e r  is det ermined ’by integra l q u a d r a t i c  a p - -
p r o x i m a t i o n  of ~~~ f reez ing depths o b t a i n e d  as a r e su l t  of s o l u t io n  of the
s e l f - m o d e l i n g  prob lem in the temperature range for different conditions
y = y

1
(T , T~~) corresponding to solutions of the classica l Stefan problem.

The valu~ s of as a function of found  In t ha t  case fo r  a c e r t a i n  r ange
of temperatures T~ determine the cu~ve Q(t).

The thus-constructed effect ive curve of ice f o r mat i o n , bes ides t h e  f a c t  t h a t
It permits making qualitative estimates , can be used to estimate the dep ths
of seasona l freezing (thawing) in a given soil by means of an c - i r d ln a r y  S t e - f a n
problem. To do that it Is sufficient , under certain initIal and boundary
conditions on the surface of the ground , to determine with the curve Q(t) the-
corresponding quantity of the heat of phase transitions , the release c-f  which
Is assumed at the freez ing (thawing) temperature t 0°. S o l u t i o n  of the Ste-
fan problem at tha t value of Q also will give the sought valu e of the freezing
(thawing) depth for the g iven soil with consideration of the curve of phas e
transitions at practically any average annua l ground temperature.

A solution of tha t variationa l problem in the case of freez ing for four stan-
dard types of soil with different curves of unfrozen water (curves b, Figur e
144), other conditions being equa l , was obta ined on the “Streia ” computer of
the ~~U Computer Center (Melamed , 1967). As a result of the solut ion , cor-
respond ing effect ive curves of the phase transitions were obtained (curves a ,
Figure 144),
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F igure 144 . Dependence if the
effective () and  n a t u r a l (b )

I ~
— 

~~~  ~~~~~
- --

~~ curves of ice f o rm a t i o n  in the

- ~ N t emp era tu re  range of 0 to _ 5 0 

~~~-__ for four types of s o i l s  of dif- 
~

— . fe-rent dispersion: from sand (I)
to loam (IV), w 24 .11/ ,[ •

~~~ 

- w (0) = l6.6~ 
nat

-
~~ ~~~~~~~~~~~~

° t ~

As follows from an examination of the  r e s u l t s , In t he  case of f r e e z i n g t ie-

e f f ect iv e curv es of phase transitions lie above the natural, It is e-sse~~t i a 1
tha t their form differ i n s i g n i f i c a n t l y ,  and the effective curves e nni - r g e  t - -

th~ a s y mp t o t e  somewha t more rap id ly.

The degree of divergence  (-if the effect ive and natura l curves i f  ice- format i-- n
depends essent i a l l y  on their inc linations on the section near 17/4 (curves 2-3).
In that case the divergence , increa s ing w i t h  lowering of t h e  tent: erature , at
temperatures below _ 5 0 

exceeds a moisture Content of 7%. Even iii t h e -  c a s e  of
a curve of ice format Ion typ ica l of sands , where cons ider~st ion - 1  the
phase transitions curve is considered correct , the divergence at -2° reaches
4¾ (curve IV). And even In cases where the phase trans itions a t - - 0° are
small (curve 1), calculations of the Ste-fan problem with the usual ~rc-icedurc
dc-i not lead t i c  substantia l divergences.

Thus calculations of the proble~n of freezing of moist ground in the case wIne-re-
phase transitions occur irs the temperature range- must be- corrected by means c - i f
the effective curve of phase transitions containing a f o r m  similar to the
natura l and corresponding to a larger quantity of unfrozen water , In that
case the degree of correction depends on the Inc l ination in the region of the
ma inn phase transit ions, If h i gh p rec is ion of ca l c u l a t i o n s  of the freez ing
depth is requ ired , however , then to solve the Stefan problem by means of the
proposed variationa l method it Is necessary to preliminarily find the Ind i-
cated effective curve with a digital computer.

As calculations have shown, the effective curve is pract ically indep endent of
the amount ot the natura l moisture content , which Is an essent ia l circumstance
from the point of view of its use.

Thus , for ca lculations of the Stefan prob lem In the case of phase transitions
irs the temperature range for a specific medium it is sufficient at an arbi-
trary value of the_natura l moisture content to find the effective curve of
phase transit ions Q(t) and use it henceforth for any calculations with the
ordinary method ,
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3. l n n v ~ - -t i ga t  i - - i n  i - i f  :h e  D yr n • im ics of Fri  c-i. irig arid t h e  Cr i--g ea ic Structure of

F in e ly  1) i - p  erae- d R -  -ck- - i n - i  t i r e  - e r i e -r n I Case-  B y 1) i g i t al  Com m u t e - r

I h e  inn v ~ t i gat i - - I , dj - - c u - - e d  in Cha n t e r  I , of the p r - -c e s n~es of h e - i t and m a  ss
t r i n n - f  r I t i  f i  ee ’in ng i i r i e l y  d l s p  e- rn ne -d  r - - c l -n n nnuk es  it p i ssib l e , in a f -rani a —

i - - n i  s u f f i c i e i  n t lv  close-  to re - -a l c c c n d i t i - - n n s , to r e v e - i l  t h e  ma in qu a n t i t t i ve
r e g u l a r  it L - - - I  t n .  t ccrniu t i - ni i -cf cryc - i~~e - n n i c  t e x t u res  and t h e  a m c c u n t s  of he c v -

l ag .  I - r e  ~~e niled in n tin i se - c t  j-fli ire the  r e - - s u I t s  i - i f  in v e st i g i t  ion  -f a nu mber
-f Lv 1 ica l p r ib l em s  of t h e -  free-i. iln ~ c li - - e m s i c a a l l y  f r c c z e : - i  and s e a s o n a l l y  t a wed

S O I l s  win P1/n e - r m i t. d e t e  r m i n i :t g  t a  connection c cf d i st  in c t  ive  f e a t u r e;  if th e

cr- ’ - -~~~~ i n i~ st r u c t u r e -  and the i n n - - u n i t  - -f h e a v i n g  aS a furtct ion - - f C - ) n C r e -t e  cli -
n ut  ic dot i in t ’ e- p r e - se -n i c e -  of t he  h y d r a u l i c  a n d  i c y s  ica 1 c h a r a c t e r  i s t  ics -li
the r icks  a m i d  t i n ,  c c c n d  i t  ions of l i e - a t  and mass  exchange . In t h a t  ca~~e t h e -  c - r —
r e-s 1-and ing  p r u l e - r n  - • i r e -  e x a m i n e d  b - - t }  by means  - i f  siclut i- in c - i f  the p r - -  hlem - - f
f r e e - n  ing  w i t h  I n n-  - i .- t u r e  inn a ge -nc - r i  1 f i rmu l i t  ion-i (under v r l b  le b- -u n i d a r y  c o n —
dit i - - n c - w i t h  c c i i i  -Jde ru t  ic - in - s  c f  the - - s s l b j  l i t  y -f c h i n i g e  if th. f r e e - i  Pig r .  g ime-
in th~ c -n i r s e  of t he  r -- c e - ss ) and i i i  t h e  s e l f — m o d e l i n g c a - c .

I. 1nve~~t iga t i - i n  - - 1  t h e  1)ynamics  c - f  ‘ 1 /n c  Ten n nj  ~r a t u r e  a r i d  ~‘I- - i -~tur Fie ids arid
the  Amount -f h e a v i n g  D u r i n g  Se- sr-i sa 1 Fr ee--i. in i g  in  M i i i— tur e - - itur sted
F i n e ly Dis 1 t - r s e -d  So i l s

In solving quest ions if t i ne r e d i c t  i o i  of c h m n i g e  - -f fr- -at coin di t i nn s , c - i f  con—
s i d c - r c b l i  i n t e r e s t  ~i r e  Ca ic ul a t  i - - n a of i~e-at and  Bloss ex c h a n g e -  in  t h~ la yer i c f

m i n us I t ni~ e r c t u r e  f luctuat  i - in s  dur ing t I - i c  ~~i n c t  er  fre--ez imc g of the r - - c k s .  The~ e-
quest  i cns are exami n ed in a h n m o g e - i i e - i c u s  m e d i u m  under  tI -me c -nd  it ions  -f a c l o s e d
s y s t e m  (there- ~i re  nc - i i n f lo w s  of m c - i u - i t u r c -  t c - iw ard  immobi le -  b nj n - id ar  i . s  -f t I n .  re-
g ina ) . G i v e - n a s  t he  temi e- ratu re  b ou n d ir y  c c - n d i t  i - - inn  c-in the -  s u r f a c e  (z 0) i s
chang e--  of t e m p e r a t u r e- a cco rd ing  to  t h e  h a r m on i c  l a w  t ( 0 , T) t

m 
+ A sIn / /1l Ti ,

where  t is the- average an n u a l  temp era t u re  of the s u r f a c e , A is the inn 1 I t u d e

if oscillations , t 0~ , A - - 0
0 

a r i d  I is the p e - -r i o d  of osciliat ions (8760
h o u r s ) ,  At the  depth - - i t  th~ z e r - i  an nn u a I i m p  1 itudes , as usua l , t he  coid i t  ion
-f temperature cci - st a n cY  is assumed . Since  the t ime in terva l d u r i n g  which

a so lu t  i - - n i  is soug ht  is l i m i t e d  t i c  t he  w I n t e r  f r ee - i .  ir ig ,  cons ide -ra t  i - - n  of the
influx i f geothermal heat , which can readily be- accc-im :-lished with t n c  g i ve -n
progr am , is not n e c e s s a r y .

The p r o b l e m  is set as f o l l o w s , l a k e na s  t h e  i n i t i a l moment -- it tima is Y 0,
whens the tempe~~ture of the surface Is t

m 
and the- ground is in the thawed s t a t e - -,

The initia l temp era ture distribution by dep th is t aken  in n t he  f o r m

Ic: , II 
~~ 

if (h , I n 1/~ i - - r i - tn . - I - -

where h is the- depth c-if the zero a n n u a l  amp litudes , sod m is a c o n s t a n t  -~ 0.
F c - i r  s i m p l i c i t y ,  before-  the  st a r t  c i f  f r e ez i n g  mo i s tu r e  exchang e- in the- layer
of an n u a l  f l u c t u a t i c c n n n ;  is excluded f r o m  c o n s i der a t i on , and •st t 0 the  moIst-
ure  in depth is assumed to be cons tant  (w

1). Thus , u n t i l  the  next s ign-i in-
vers ion ccf t (0 , T) the problem consis ts  in de t e rmin Ing  the  dynamics  of the--
temperature field in tine layer (-if a n n u a l  f l u c t ua t i o n s , w h i c h  i5 described by
an ordinary equation of thermal conductivity. The } - u r p - c - i s e -  of solut Ion i-if the
problem In this state is to find the- temperature distribution in depth na tural
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I -r  t i n e  g i v e n  r e~ ; i i n c  Ic r -f -re t n e  -tart -f fr - c e--iing. Lat er c solution i- f und
h p r i b ic-rn f h e  c t  a r i d  mass exchange  dcrr  in g  f re e- i  ing , m e -  s i ug h t -sat ii

Lie in n nn ~~: n t  - i l  t h -  s t m b s e - q u c  1 ten iri e r n t u r e  i n v e r s io n  (when  th i w 1 n ~~ f rom  t n e  - n n r -
fo e ’  has  t i  s t - i r t  and tin p r U l e  mn ; b e - c - i n -  -s a w -  - — f r o m - i t c - n e - )  - -r  , i f  i t  occurs
e n  i , m , u n t i l  t I e  - t i l t  - i t  thawing f r o m  below .

As •i r~ 
- nit f tint s al u t  I - -a of t h a t  rob 1cm the d y n a m i c s  of i n n - - v  Oe n - mt - - f  t h e

i m i t e r t a c r  • ind  -f t I n .  ne  i v i m n g  in t m w  ire- d e t e r m i n e d , an - id  i iso t i e  c” y - - g e n n i c
a t r ’ i c t U r e  in Lie i , i y e  n -f  s e - i s o r i a l fr e e - z  1 m g  and the mu -cisture distr ibution in
t i .  t n i -s~ d gr - -c ni nd a t  t i n e -  inn d j cat~ 0 n m - m i n e - n t  of t ime . I t  is c b v i i - u  tha t a t  t
Vs i nn , s c lo s e  to  i.e n c r  I ne  free-z lag -f the ground can occur a i s -  in the coura (
i -i t s- ne- t ime- i : t  erv i 1 a f t e r  t i n e in - iment  - - i f  s ign  invers ion  of t(0, ~~~) .  I t  ~~ st
he ii - r a e  in m i n d , h - w e v e r , t i n t  min igr a  t i o n  occur s f a r  more s l - - w l y  in a f n c i z e - a

-~~~~~ in  a t h a w e d i -ne  , m n d , i n n  a dd  it ion , ttie rate - of f r ee- i  ing a f t e r  the s t a r t
if thawing f r inn t h e  su r f a c e  ap r i - a c h e s  ze ro . l i n e - r e - - l o r e -  the c r yo g en i c  struc-

t u r e  -0 the- f r - - i . e - n i  l ayer  -- ib t i jricd a-; a r e s u l t  i - f calculations in  a c c o r d a n c e
w i t h  w h i t  was sa id  ~ b ave-  w i t h  in n t h e -  f r amework  of a s ing le- — f r - s i t  p r o b l e m , in
p rac t  Ice c m  be- c - - m i s  ide-red def i n - s i t  lye- .  Let us n c - i t e  t h a t  i n s u f f i c i e n t  con—
S lb .  r a t  i n n  of the -  f r e e - i .  ing p i c a s  i b l e  a f t e r  s i g n - i  i n v e r s io n  c - f  t ( 0 , t )  l e a d - i  to

a sc rme -wUat  u n de r s t - t  e~d v i  inc  c it the - ice c - - n t c n i t  near the ba s e- - i f  t h e -  f r  -i.e-n
la /c r.

Pie a l g - - r i t h m  f r  solution -f the r ’b l e m  c - i f freezing w i t h  m - - i s t t n r i  n n n i g r a t i i n c
I nn ge se r i  f -r rnn i  l i t  ior i  w i t h  c-ins ide-ra ti - n r c of l i e - i v i n g  and the- I -ra n  t i - n  - - t
i ce  l i n t  er la ’R rs wh i c h  was  cx i n i i m n e d  in C h i p  t er  3 was imp leme n n t  c c I  in t h e -  Dc- ~ a r t-

rn~~- t  -i f ( I e - - - c r y - - I c c g y  -f  MSU by m aa ml s -i f a r i - g r a i n  f o r  a n n - - ~J e- - 1 M — 2 0  d i g i ta l corn—
U t e r ,  l i n e  c o u n t i ng  t ime if a s i n g le  v a r i a n t  was about  I h - n u n .  I n  ca l cu l a -

t i - c n n - w i t h  a BE SM— —~ r - v i s i o n - i  was  made f - c r  t h e  U;; c of mn a 1; c c i  f lume-n ic p r m t  Cr .
I he -  maxima l ; n n n n i l e - r  of j u n c t  ion  p o i n n t s  in de n  th  is 240 . At  a r a n  id r a t e -  - i f

z 1 m g ,  a nd  a i so  dur i n g  e-- - n t r y  i n t o  t~~-i e l ay e r  a n d  dc- p i r t u r e -  f r o m  i t , a need
• i r is e  - t i  subdiv ide- t S r  s te -p  in  t ime-. T h e  m i n i m a l v a l u e  i f  a ste - n was t a k e n i

- be- ~
c . 2 5  h- - n r a . S i n c e  t i n e  c - - i e - f f  id e-n t  of p ot e n t i a l  cc-induc t i vi t y  v ar i e s  by

sev er  1 -r d c - r s  - - I  n:~~g - itn ude -  d u r in g  change  of the  m m ii i s tu r e.c c c - i n t e n n t  f r c - i m  w to
w , 1: f Inding the m o i s t u r e  C o n t en t  on - i a mob i I t  b c - i u n d n r y  irs t h e  p~r - i ce - s  s -

f 1 r~i i t  i c - n i  - c i  an n  ic e -  layer  i t e - r ; l t i c c n  is used ,

l i n e -  Ca l c u l a t i i n i s  w e r e -  made - a t  the f o l i o~~ing v a l u e s  of t i n e -  co~~f f  i c i e - m i t s  of l i e n i t
a n d 1:~~ss t r a n s f e r :  l ’I (w )  = 0, 3 786 x l0 x e X C  16,4666w1, m~/hr ( t a k e- a  ac-
C- - r d i i n g  t - i  t i - i c  d m t a  i- it  V • R • bar d nc -r , 1958) ,  the  t i nerm u  1 c - - -  duc t  iv i t y  of th e
tha wed gr - - i u mn d  w• m s 0 .67 kcnn 1 /(m) (hr) (dc-gre-c-), that cif the f r oz e n  ground

v-c . ca l c u la t e d  in  accordance  w i t h  the  de 1cend em-ice 
~~ 

+ 2 —j-
~~

- ) (inn

t h a t  Case  it is n m s s ~~n ed t h a t  A = 2 kcal/(m)(hr)(dcgree) w it h i n  the ice- sayer ,
when w~ — 100 1) , the  hea t  capi a~~I ty  of t h e -  thawed gri- iund C~ = 600 kcal/(m )(deg).
amid the- effective h e-n t capacity is ca lculated wi th  the f o r m u l a  of m i x i n g  w i t h
c o n s i d e rat i o n  c - f  t i m e  curve w (t) in t h e  f o r m

‘ ‘T i

( i .  ~~
- I ~01) [ :  •~~ a - I (l i ii i ’m ~~ 511 (1(11) a - - i ) j

K — 1 , w
~ 

-1/ w b ;  1 - w
~ /w 1 ; w~ -

, w b ;  
~sk 

1800 kg/rn
3
; C k 

0.2

kcal/(kg)(degree); w is the t c i t o l  m o i s t u re  content  by vo lume - .  The curve of
unfrozen water was given In the form
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sl im ~~ m sn - id in n - i r e  dc l  - r i - n i i n e - d  t n  rn L i  c c m n d i t i c n n s :  . :  ( Q )  = I; , w ( — 1 0  ) =
0

= 2 • i t  ~ mc - i is t u n- e c- - n l t e : n t  m n n  t i c  i : n t e  r I -c e  I: t i e ii cn cc- of 1cm s c inl jm rm - :m

~c -n - r~~- p  c- in ds I - -  the - -  m f l i s t t m i - e c - t : I t  c 1 c ~~ e to r - 1 1 1 m g  i: a c- - m d )  v-cs n ’ i v e - --
i s 20 c~~d I~~ c a b s o l u te  m m c i  I n n -  cap  i c i t y  4-0 • ri- ic- te-mi in aita r e at t h e  Or t i n
f t 1 ce / c r - -  annmn ua I non I i tuc l e- :; ( 12  inn- - tm r :~ ) v - s  - ‘ssu n ed t ’ -  be- ~ a n d  t h e -  Vi r n g e - -

a 55(15 1 Ii n in r i  nrc- - c i  t ~~ s u rf  - - - s- - i i i  ~ = 1
- 0

I h e -  c a l c u l a t i c c r. ;  if f r c - e - i i n g  s - l t d  c o n s i d e - r i t i c i n  - - f  nn n - -- i s t u n - e mi grati ~- :~ a- cc

:L d e -  a t  d i f fe r e n t  v a l u e  - - I  t n ~ n n s t u ’a l m c i i  l ur e  c n n t c ;L - - I  t h e  gr sad
(i- - i t ~~n i ; n  t ie - - r m n m - 4 1  f r - c m  t h e -  m n m o i - n t u r e - -  of r i l l i n i g  to t i n e  m b s c - i l u t e  n i l - i  f u r -  n P ;
ci t 1- ’ with ni s t e p  m f 5 )  m n d  c i i i :  l i t u d e - ~ -if fluctuat i- - ;; - of the lenin e-r t a r e - - i f
t i _ i c s u rf ac e  A 

- 
(A = 7 , li i , 21) ad  ~0 ) .  l i n e  m i t  i~~i ;te-~ in t lT fl C- wa s  i s ; ; i n n e nl

t o  be 50 -nir~~, s n d  the : t e - ~ i n n  t i e  c - - i - r d i m n a t e  was 0.05 n n n e - t m ~r .

F i~~n 1 r e -  14 - 5 . D y n a m i c  of t i: dc: th cf F i gu re  146 . l i - / l n ~~ n n ics  -f I -c di- - i f

f r e e - i .  1 m g  si.d heaving iii  t ime- it dii — t n r e z  ing  sm - id h e a v i n g  i n - i  t in at dit—
t e r en t  v i  lue - - c f  A ar-sd w : I c -re-n i t va lu~ s if  A a n d  w

0 i o 1

~ r en e n i t  e-d on 1 igures 14-5—1 41) ore the- dynamics  c t  the P r e - c - I  ing and heaving In

t ime c t  d i f f e r e n t  va luu s  - - F  W I m t  A 10 am sO re-s c c-ct i ve l - ,’ , In  add i t  i - - i n ,
r c - s e - n n t  e d  on F i g u r e  146 cr  d at a  c-in f re - e z  ing and h e av i n g  ni t  A = 7~-c and w

1W
abS~ 

A - i was t i c  be exp e-cte -iI, re-duct I - - n i  of A , other cond i~ i -- ni; being equa l,

i c - s O s  t i  g r e a te r  i c e — s ~i t u r a f  ic - inn - s n - id  i n c r e a s e -  cf l i e - m v  P i g .  [ h i s  is m a n i f e s t e d
very  r a r e - l /  at  s m a l l  value -s of A • ‘[he dep emn d enc e- c f the n amount  rn f h e a v i n g
on t h e -  a nim ,l it ud e  it w

1 
= W 

b - 
cad -i lso c m t hen  i n I t i a l  in c - i i st  l i r e  con ten t  a t

d i f f e r e n t  va lues  -f A , Im n
a S . 1 1  d s - i  F igure  1 4 7 . It  m u - t  be ~.tres~~e-d

t t a s t  the dep s - m i d c n c e  cc~ the  nil fl ou nnt cf t - i t  a 1 h e a v I n g  hi c c i i  W
1 

i s e s ; ; e- ;n t  m l  ly
n o n — l i n e a r . A c t u a l l y ,  the  h e - s v  1 m g  at values s-cf W

I 
c 1 c m - i . e ~ - w 

- 
~~~r neg i i-

g i b l y  slmins 11 and i n c c r e - - c s e s  s l i w l ’ i  a t  w -
~ w 1/2 (w ~ w ) , a ‘At . tIn e- same- - o 1 ii abs
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_k — M ~~~~~~~~~~ ~~~~~~~~~~~ - - -~~

- - i i - 
- - t  t e mp e r a t u re - - on the surface at

- II ~l sIns 
(3) , a n - i  t i e  dep e n d e n n c e -

- / / of the - re- 1~~t lye l n e - , s v  i m n g  (11/; ) on
t ine- a r m . I  itude of t -  inn c r - c  tu r e s  - c i ;L i t h e  sur f  ice  i t  w

1 
—

t ini s n i t  w -
_ 1/.i (w + w ) and  es: e c ia l l y  m s t  v alue ; ;  - - I I  w d o -n e f - s  in the-

o abs 1 abs
v a l u e  -f II i n c r ea se - -s sha rp ly  w i t h  i n c r e m s e -  cf w

1
. A qua l j t s t l v e l i  ana l - - g  --Us

p i c t  n i c e  occurs a l s i i  inn  t he  s e l f — m o d e l i n g  p r - b l e - m ,

F i 0 u r .. s 14 - 8 and  149 p i r c - s c - n n t  the c r y c m g e - m n i c  s t r u c t u r e  over  the-  : r c - c f i l e  of a
f r - - n c - n i  l a yer  w i t h - i  c o nn s i d er a t i on  if h e a v i n g  a t  A = 10 an d  21) i t  d i f f e - r e - i n s t
v i  Inn . s c - f  w

1. 
T i-ic d i a g r a m s  of the - c ry og en  ic s t r u c t u r e -  ch a r a cL  cc i.e t h e  dis-

tr ibut i -- i n - i if  t h~ - ice- c -intent by dep~th only at the moment if cc-inc lus ion - 1
f r e e - n i ng.  The -re f - ire , t ak i n g  in - i to  accoun t  t h a t  in dif fe -rcn ct case - i - i  the he av ing
is d i f f c r e m n t , fn - cr  t h e i r  u n i f - r m i n i t y  one must in t roduce  a m ar k e r  - i f  t he  s u r f a c e -
-f t he  ground miR ima l in t i - ic -  y e - m r  n-m d C aiill i - i i i to all (ttmat is , t i n e -  s u r f a c e-  of

t i n t  gr cund b e f o r e  m e asu remen t ) , a~id over it , the axis i- i f t i n e  h y d r i - i t h e r n i u  1
mov ement ~, ni f  t he s u r f a ce-  v g e -n e - r a t e d  b y ti-s e- h e a v i n g .  L ine C s - c l - i n c - Ct i - - i n n  b e t w e e n
any m jnt i - inn the diagram of ice co n t e n t  a m - i d  t i e  moment r n f  t ime when Lie front
- i f  f r e e z I n g  reached- t tme c o r r e ; ; n - c c n d i r t g  dc~ - t b n  a m i d  t h e -  ind icated ice c o n t en t
formed is accom1 - lishc-d with t i ne  curve ~~~~~ In  t i n m t  case- , i t  is n e C e s s a r y
t i  d e t e rm i -e - f o r  t h e  selected m c m t  on t i-i c- cu rve  - - F  the  ice- c on t e m n t  i t s  vos i —
t i ’- in in r e - l i t  i - - i n s  tn - the  mnnrximsnuin i -cf t h m e h v d r c - i t l i e  cm ii i  1 mov e-m e-nt  t i n s t is , the- -
value of (

~~~)~ , after waich , on th e- d i a g r a m  where the  dynamics  -f the- n r -- i -
ce-a-is - it free-. inng in-i t line- ar e -  p r e s e n t e d , on the c u r ve  ~ (‘ii the  -, m i u ~~t n t  moment
c - i f  t ime an-id the- c n r r e s ; c c n n d  in i g  t ern ;  e r m t u r e -  if t i n e -  s u r fa c e -  a r e  mict c-m i n e d.  i-ct
us note L i s t  ti-ic ci-crre-;, --minie: n c e between t i m e  indicated d i i g ra m n s w i l l  be- mutua l-
ly ide -n it ica I only if inn t in e- c- - cur se -  of th&n w i n ter  p er i c - id  ‘ ( r )  - 0. If  in
some t i m e  i n t e r v a l s  d u r i n g the -  w i n t e r  f r e - e - n n i m n g  ceases , ( ç ’ ( t - )  0) , hi- iwever ,
th en -i as the  sought moment c c f  t ime- i t  i - - nec e- -. s ir y  t m  take tIn e- largest t m mmc
tm i win ich n the- given value -f ~ c i m r r t - s n  u n d o  on t i n e’ d i a g r a m  = 

~ 
(t )

In n exim insing the d i i g r , c : i n - , of t he  c ry i - i g ems l c  s t r u c t u r e  it ,ils c - i is necessary f -- i
l , en , sr  in mind th a t  the ice C m - n m t n e - m n t  obtn ,  Imned i)y ca Icu lat ion is t he  m e - a n n —  i ni t e g r a  1
c c l i  the ste-il inf ini t eng r i t i - m n  m m  t i n e -  cisord inna te. Therefore solid Ice-i scin li e-re-n -i
w i t h  a t h i c k n e s s  sf n i - c t  l e , s  t i m i r i a step c m c r r e - s p  c - n - id to t in e  p o i n t s  where the
curv e- of the ice c o n t e - n m t  in ~Ie ’1 t i n  o:n the  d i a g r a m  reaches the -  vs lue w = 1.

But If t i n e - i  values of tine - ice c o n t e n t  Ire- in the interva l between w w
t abs
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, i ~~d w - I , t h e m )  c t  the c i - i r r c - - -p ‘-isO i ng n i - - . t ic - m l s m i a m te d - ~ t i n ,  I - - r i - i n  , - -

t o t , n 1 ~~t d i c h : n c -  - s  - -F  t i n e  i c e -  - c l - i l  i c r - n on a ot i - n  i i -  j n n ~’ r - -  - ml j - c n : m I t - -  ‘ -

v~c lue - w — in
t mhc ~ -
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F i gU r e  l4 -~3 . D i s t r i b u t i c m n n  i - f  i ce  c m i i ~ F i g u r e - 14 -9.  D i  t r  i b c i t  i : ~ i c c  c - - I n-
t e nt  by dc-p t in of t 1 ; e  f r - c . -  i i  la ic - r at  t e n t  h- n i c - n th  c-if t i e  r i~~~l Li /e m

d i f ~~- r e - n - i t  v a l ue s  of A 
- 

ar-id w • Syn nn — d i I f e - r ~ n t  v a l u m  s --I A c m ii s
V S n ’ —

h - - b  t i e  same  as  on F~~g n n r e -  l~~5. b - l ~ t~~~c same as  - n i  F i g i i r  1. 7 .
— il y d r o m2 t r i c  mot i o n  c f  s u r t ice , mn a , In and c ~is on - i  F i g - a r -  1 -~ :n

b — ‘ i i a i m i l  m i r k i m - i g  of - ; c n r t i c e -  i n n  ‘n
c - l I e - p  t i n , m

I t f o l l ow s  f r c m m  m i s  e x a n n i i n n n s t  ion i t  F i g i n r m - -  l 4 - i~ an d 14-s f h j t  , d u r i n g  i i i ,  / l n n ~n
u m i d e  r the  c cnd i t  i c o i n ,  of a cl o s d s ys t e  inn ( i n  idn ~ ~i i u - - - e -  n i c e -  -t c X t  cm 1 source --

-f m i - c l - f u r -  ) in n  L i n e  d~i se  -if  h~s r m i m i -i i c  t i l l ; m a t u r e -  o c i l l n t j  - n  c u r - i  t h e -  s i n  s c m
ice f -  -runa t 1 - -  n - c cu r s  ir r egu 1~m r ly  i c v e r  t h e  ri - s tile - of La. sc a scc nn,I 1 l y  fr  - i c - - i n
l ay e r .  A t t ’-i e s sure t ime. it is  c h a ra c t e r i s t i c  tha t l u t e- a s  j V c  ice  t im m m mt i - a

- -c cu r~ c n l y  nc e - 1 r t h e -  s u r fa c e  i n n j  ba - c  the- h i m  / l u g  I - i - i c r . In an v e n w t n e  I m —
ing n n a j - - r i t y  - - F  i t  i t s  t o t a l  u l e c i n ; t n n r e  c - a n t e - n i t  ( w i t h  c - - n n s i d e r s t i o n n  - - i f  t h e -  V I —
ume ~-x a n s i - n i  d u r i n g  tin e-- t r m n s i t  i o n  f w a t e r  l int -i Ice) inisi ~n: , j t ic mnt l y cXccc -d~
t i e I n s i t i~c l .  T hi s  is  n m e - s m n i t e s t e - d ce-c-i  r i r e  ly  c i n d e r  the c c c n d i t i c i n n ~ . f  a ~i ;~~~~_

; ly
c o n c t  i n n e n n i t  m l  cl im n i ste , O’hc n i m n s i d m  t h e  t r e a . i  jag l,s ye-r t i n  n i - - i  t u re  i -  iCtU~i I ly
f Ixe 0 in  p I c -

hi- -w e -vi r , it mu st  h i -  h - -m i- . i n s  m i n d  t i n , i f  I n s t  e Ss  i v~ icc I ar r n s t i c - i rs ; i e - i r  t h e  our—
f i c e -  c m c c i r s  - r i m _ s r  i l y  inn  c i c i n n i t c i  i - u  w i l h  t i c  t a C t  t h a t t i e  r e - — w i u t e n r m n - i l — t u r e
c o f l t k - r n t  cii Lni grmi uns d by a c alve -- ni t i -- j n i- . s n ~n , c i nnn e  ( I  I -  l ie  Ci i c ; - t m i I l l c-c it ’ - c- —

f t i c  • I t  is obv i c - u i  t i n , s t  i t  t ine groun d n n e ~sr  S i n e  ,url.i ce- h m s  be- em - i dried by
t h a t  nn n m c n l4 - n l tn , then  lie  i v i ng  w h i c h  occurs ,st t i c  start mt i r e - c - i  j ug  u n d e r  t i e -  c -a n —
i i j t I m ~~is  ~i n- ,s umc d in t i n e  c n i l c n s l s t j c c n n ; ;  w i l l  he i1 - t  i t .  line - n - i l  --r e tin - he- .sv i:n g in n
fin - course- of t ime can h s -  r m - g c m - d e - O  ~s s a 1 h i m  ii ’ Lunc t i - m m  c - i  n i - i,’ in n case- s s - n e - r e
n i t  t h i n  p r e - — w i m m t e - r  mu ffl e -nit  t i n e  g r c - iu ni d  ne-d r t i n e -  sun c c c  is n u l l  ic 1-  n i t  ly  d r i c  i i

arid a iso i f  t i n  ~ a t i  r t  of f r e e - ,’. in i g  is ddC; i i i i p  ~c i l l e d i  by s i i m r n  c c i i 11 c-g
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Since inn gc ocr ’i-’l--igv cnsL c ,nl ~s t i -- ni; f t he -  d c ;  f i n s  -i f r e - c - . i n g ,  i s  n i r u l e , t sr -
ma d - i  w i t h  - i i i  cm - i r i s ic l e r t i - n i  m f  mass t r a r i - m f c - r , f u r  c cii. i r  la in s o l u t i on s - - i

a m n i l  ~ n r - i b l e -nn n a e- obt,i i n n c - d  in  t i n e  S t e - f a m n  f-- c rm u la ti om n , but w it h -i c m m n n  - i d —
ini t i - - n i -f p l a s s e -  f r i n s i t  i n n s  in t I n e  r an g e  -f i c  g i t i v e ;  f i n n ; r i t l i r e  -s . In t~~~~c i

CS se * in - i  c n n t r , i s t  w i t h  t h e  a l c o V e  — c - n o  ide-cc- i l p mublem , (-in-i t h e  rn c ch l i e -  i - i t  - r f ace -
- c - c u r  p h i - - u  t r a n s i t i o n s  -f a l l  t h e  ‘ ‘ f r i - c ” n l - i i s t c n m m  ( t h at  is , f r o m  w

1 
t o

I t  suet be s t r c  s e-el t i- sa t , as m l  lows f r m m the  p r e s ent e d  ca ic ul a t  Lori s , the sum—
n n i . i ry  (~~i t ~; c -in s i m i n  r a t  ion c ’mf  ine -~i v i m n g ) me- i s t u re -  c s- in t en t  - i f  t ina f r m c z e n  gr -- iun d in

h e-  i - i l  em w i t ;  c- cn n ; l i e  r~i t ion c - i f  migr ,c t ion in t he  coind it i - - u s  und e r cons id mel —

t i - - n - . - V i  - i n n  p r~m c t  ice t n  i c e -  di sc- t- t h e  cn.ixim nm I dc tin -f re i - i  i n n g  j r - i  t i - c-
c- n r c - n  p~on - i d i n g  St~ - Ian c -- hue - - n fl. I h i s  is connected  t -  - a cons i d e - c a b l e - -  ‘I - gm i w i t h
tir e i - - v t  - inch ica t e c h  :r r eg u ln -n r i t y  in ics-.- formation over the r i - file - of the

f r e  c / i n g  l~s ’c r. In ~m d d i t  ion , a def i n n  ite - r ile inn tha t Is ciso p l a y e - d  by the-

den c- ri de -nice of t c n e  thernina 1 con d uct iv i t v  of t h e -  grc- iund on the  t o t~s I rn- - i s t u re
C ate n - t • e v e - m t  n c  Ic ss t t m n -  i n d j c i t i - d  c i r C tl r f l s t an C e  w i l l  be v i o l t ed  i n e v i t a b l y

w ine a t h e - -  v~i lu ~~ of A c r . - s u f fi c  j e a l t  I ’,’ s m a l l , when in t e l - i s  ive h e a v i n g  - - c c c i r s .

I hu~ c c iculat i -  - : n - - of t i n e -  dep t i  of f r c - e - ,  i n n g  cf  m ci isture— , c t u r , c t e d  f i n c ; Iy  d i s —
p e m ;  eel m c P ~ i n  a cl -- n -ed system during h ar m o n i c  c c s c l l l i t j o n s  of the  t emp e ra-
t i r e  c-cf thi surface under t i - i -  cond i t  ions of a co nt i n e n ts  1 ci inm~~t e  can , w i t h
an accuracy ou t  I id e-nt for r c c t i c a l ur n  u ses , be made w i t h - - u t  c o n s i der in g
m i gr -~t i m nn • At t h e  sam~ t inn i e- , under  ti -se c o n d i t i o n s  - - F  ~ mar it ime c l i m a t e , by
v i r t u e  c

~~i s u b s tan t  L i i  c~ i i ng e -  c i f  t h e  cry / ge a ic structure - i i i  t h e  d c - p  t ic -f th e
1 ” er i - c f  f r e e , ’  log am-id cons i d_ r a b l e -  he i v i n g , i ;n v e - s t i g a t  ion of f re ez  j u g  w i t h i n
t L e f r a m - r w u r k  cf  t h e  S t eF ~ i n i  p r u b l e - u n  leads to  d i - t or t i on  o f  t i n e  p icturo . To
a s t i l l  p r e at e r  deg r ee - , i n - i c - :  i ndent  ly if ci im,mt lc condit i - i nns , t l n  is nsp.n  l i e - s  t o
f r e e s  lug u n d er  t 1n c  co n d i t  i - i n s of a n  u p  en sys tem , part  i cular l ’, ’  if there are
w a t e r - h e a r i n g  bn i r i z m n ~; s i t u a te d  w i t ;n  in the  r ange  --it 2 -3  nnc- et ri -; f ro m  the sur-
face , and  a iso Our lu g  the freezin g c- i f a Se - mi  a nn a 1 ly  th u w e d  la y e r  In t n e  r e - —
s en C e -  - - f  w i t - - m s  ab c - y e  the-  f ro st .

2. Invi nit i g i t  i on  of t i n e  D i - ;  c - n n d e n c t  of t h e  C r y c - g e - n n i c  S t r u c t u r e  and  t h e
Dynamics  c - f flen vin g on tine Charac t e r  of the  Te - in ip :e ra ture -  C u n n d i t i o n s
on the- Surface-- During t h e -  Freezing of M o i s t u r e  - s a t u r a t e d  F i n e l y
D i s p ersed S - - i l l s

i n i v e n t ig~st i-- in c c f  f r e t  • imng in the -  re - s  ence- of m o i s t u r e  m i g r a t i o n  t - w i n d  t i n e
f r o n t  - i f  f r ee z i n g  by v i r t u e c - f  the i n t e r c o n n n e - c t i o n n  be tween  t in e c r y o g e n i c
s t r u c t u r e  , h e a v i n g  and  th e -  m i t t  of f r e e z i n g  is sha ri ly  c-- im p l i c a t e d , as in
fin _ it case i t  Is necessary  to de t e r m i n e  tine dynamics ru f freezing in t ime.
Thu s , f o r  m o i a t u r e - s s t u r a t e d  f i n e l y  d I o p  ems e - ici rocks , in contrast with the-
g e n e - r i  I l y  accepted method of ca l c u l a t i n g  ;e-asof l a  I feeez ing , It is nece-;s~sry
to c ( m n i s l d c - r  in d et ;m 11 t i i ~ -i change c - f t e m p  er ’ ture on t h e -  surface of the ground
in tin e- e - -u r ,ce- c f  time .

As f i i l l o ~ s f r c u m  p i r t  1 of t h e  me n ; e - n i t  se-Ct ion , i r reg u l a r  I ce -  format Ion w i t h i n
t h e - -  l y e  r of winter free. lug can be- connected  on ly  w i t h  t - . s e n i t  h i l l y  nonmono-
t - - : i i c  change of t i n e  t emp era tu re  of tin e- surface of tine ground in t l - i e - -  p r c - i c e --ss
of freezing. From that p o in t cit view very great Interest is p rese -n tm - ’b by the
case where- on the surface- during the winter season t i e - m e -  is a success l, ’e
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c h m n i p c  of n’ a f l a  r 1 - - : i g  p i  m i - - i - ;  -f v i m n i n i n n .g and c c - i - c l u n g , 5 , j i i ; sri - f - n  w i d e - -
op m e nd nfl c i  n ’ m a  — p a , - I cc -in -id it I - - i n s .

i - - n - a q m l , i n l t  i t at  i~~e c-st Iii i t  j o~~ -~ t i n -  j i n f l u e n n c e  of the n n - c n i — i n n m - i m n - - t - - a i c  n t u r -  of
t i ne ch ange cf  1~~ ) in  t i n e -  s ’ i a tc r  t u T u - - in n f c c  c - / j u g , ca l cu l a t i o n s  were- nn~ c d c  - f
in. -t m in d r im - - tn-~i uc ~~~ -r during c - i c l i n g  ;it a te -n nn n e - r , I t u r -  - i f  t i n e -  .u u - i nc c -  ~“ ‘j c h
a t t  I n -  s e v - i n ’ i l  - X t r u c n , i lnl  in -n t I - . c - - u m - ~e c f  f i n -  W i u O c r  c - r i - m l . F - - c  t h a t  n u r —
p u se  w i t h i n n  I n c  l i m i t s of t i n e -  n i n n t e r  c lo d  ( a t  ~~(~~~) 

= t , wine-re- t
e- 

i s  t h e
t c l i u :  e n n t n n n e c - f  t h e  st a r t  - - F  f r e m  / i n g ) s e l e c t e d  a s  t h e  f - - i n n m - m m t n i m c  - f  t i e  m m -
f ic e  w e m e fun ict i--n i  c c ~ th e t -in - -

i I 
~~~

tm —_ - ‘ I i  - ~~ - - - ~ l r . - — ~~~ 11 .

ie - T e  e - s ni n ~n - - t i c  v i  1 ue -s  -f I) - -r I , in arc- whol e nnun nbc- rs n * ‘ 
~ nn , ~ 

—

is tin e - . v a l n ~ - - F  t n -  I n s r g e — n t ol  f - i  l i n t _ i _ i _ n - i _ c l  m ; s x i n n u u n n - ; -f t i -  f u n c t i  - - i n  ~- (t) 
=

= C . C0S h_ + ~~ c c  ;n ni t in t u e  inter’-- ; 1 0 ~ 2

S in c - c  ( 1 ( ~ T )  is d c t e - m n u ; i n n n n - d  - n i - ;  a t  (1 n- U , t n e n  tine - . f un c t  join C)( ‘t) , ge nn e -r ol l y
o n  e c k i r n ~~ , is c c c n n m n  cun id.

It  is  - - l iv  i- -n i s  t i n t  t n  p n - c h i c - r n  u n i O n - c - - s n s i n i i r t  i c - n  i t  n = I can be- r e d u c e -n i  to
t; a l -  - v - i  — c - i n n s  id . ’ccd ca s t - .  w h e n  O ( 

~~
) i s  descr I l - i -i by ~i s hiT Ic- h a r m on i c  w i t h  a

em i od e-’-~~U c  I t i  a y -a r

Com nnnon f--c f i n e  f un c t  ionn s C~(~~) and n - 1 d e - s c r i h i i n g  t h e  te-nnnn eritu re - - i t tin sum-

f ice in t h e  course  c - i f  t 1 i m -  w i n t m c  at en = 0 and = I i s  t i n e  fact t h a t  t h e -  n iu m b e r
of nmnaximum s interna l for i i  i n v e - m v n i of f r e e z i n g  is e q i r  1 t c -  n — 1 (n m i n i -
m u m s ) , and w i t h  L u c r e - a  se of in t in e - -  l en g t i n  of each osc i l l  st ion d i m i n i s h e s .  -\t

t h e  s a n e-  t i m nn e- , ~ss ~i f un c t  ion of ,n -  t h e -  f un c t  i c - i n n s  
~~ ( 

— ) d i f f e r  s u b s t a n t ia l l y
1t in - I. A c t u a  i l y ,  a t  ti = I t h e  fu n c t  I - c n n  i~(~~~) ~s a r i - s u i t  of t i c  su p  e r—
~~)S it i--ni of t w o  h a r n n n c c i  ic f u n c t  ions w i t h - i  p c-c i c c d s  d i f f m  r i n g  by in t imes an-id me -

i t  -ernts cI Si  r i . s  - - I  o s c i l l a t i on s  in r e- l~s t i o n  t u -  n n n e s m n  w h i c h  v an e-- a in  t ime .
In t h i t  C a Se  t I n e  nn m~.l i t ud c  c - f  such o scj  1 lot  i - - m s  d i m i n n  I s i n e s with in n c m e ~i -- i i  of n.

Inn  ce -tn t c a s t  w i t h  t h t  , a t  in = 0 f- he fumnct ion i (  
~~
) rep r e s e n t s  i n nu r n b e--r c f

ide-nt ic:il u s C  I i  lot  L m n s  (w it n mi ne annd th e -- a n n e im p 1 itucl e and a v e r a g e  a n n u a l
f - nu t; ~ r i t n ; r -  ) .

‘I hus t c  invest ig- st ic - il iii t -a-  d y n n a m i c s  of f r e e - i  ing - - i f  m o i s t u r e -— s a t u r a t e d  f ir n e - l y
d i e p c r o t c h  s e - i l l  i t  t i nt 1n ~~Iic t ed  va lues c c i  d ( - z ) In ti m e’ case- s ~n = 0 ns nid ,na 1

e - r n n l i t s  q u i n t  i t t  i ve ly  c- St  ima t t u g  the -  in-i f luence-  of the - n o n — i n n - p l c t - nm Ic character
c - f  the chang e- c - f tem p -ri ture c - f  tine surface in t h e  w i n t e r  time dinr log cool ings
and w a r m i n i g n  of d l f f  r i - n i t  t y p e -  ~snc1 number.

W e - w i l l  ex a m i n i . tin s lut ionn of a numb er  c - f r cbl em -, with cons id er- ct 1 m m  - -1

m o i s t u r -  m i g r i t  ion f or  d i f f e r e n t  v a l u e - n  of Ø (  r) at n 1 and c ris p a r e -  ( o the r
cond it ions be ing c-qua 1) t i - ce -  r e - sn  its of t l i n e  ca lcu lot Ions with the solut Ion
c - f  on ana 1 - g u i -  p r ob l e m  where t i n e -  t i -n ip  i - r m t u r e -  - i f the surface- In the c c - i ur --ie- of
a ye-.ir 1- . d c - cr Ibed by 4i~ ( t ) .  To make tine- results of thc c se  c a l c u l a t i o n s  c -im-
p ar mb l e - a t  d i f f e r .  nt  v a l u e -  u - if ni t h e  p rc ui ) le-ni is 1 - u s e  0 in tifl- f o l l o w i n g  m anne r :
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I) the t i n n .  i n n t ~~t- v i l  i n  f~~, C u r s e  i - i f  w h i c h  f r i - c - i  l u g  - - c - c u r - . i s  i n n  i l l
c a ses  I - h e  nt ic-a l an d  is ui e t e  r m n i n e - ci i i ;  t n t  n n n c c n n n e - n n t - ~ and  ~~ .. - f sIgn i n l v e - r s i - - i n
- - F  ~~~( T ) snd  

~ 
t . r i e- 1o in t s  c -cf m c i l ; ~~~ j - - n m  0 ( í )  nd (

~~ ( c ) ,

n - 1 c--nr c - , ; e-nd t - -  t i n  t wo  u c c c s sj v e  i - i c  am - - t  to z e n - -  p . m i s i t i v e  c - -  f - - i-if t-

e - - ~ U . i t  Ic - in - s ~ ( - i-n )  M
nn

2 )  in  the course-i -- f t i m - i —nl n nnn i e- r p e r j o d  t h e  c o un - - i -  of the- t e r m , m n c m t u n - e - - f  t Ine-
- - i r f i c e -  a t  a n y  v a l u e s - - -  t in g i v e - n  I n -  one  sod t Ime - ani l e-  ( c c i r r c - o p  cm n ’i d i n n  to

3) t u sum c f  t h e  f r - c - f — d e g r e e -  —hour a t  an y  v .m luem s c-cf in is i : u v u r  t u l l e -  a n d
C - - r mc  o p n c n( I s t o  t h e  c - m s - i  w ine- re -  

~ i ~~~ cc ccurs  on t ne - s n r f , m c e - .

I t  c~ n n r e a d i l y  be se -i l l  t i - s a t  f n e  c i t e d  C i m n i d i t  i ons  a t  irs y g i v e - n - i  Q
1

(~~~ m i n t
din - 5ni iv -- c ill y d ternnilnni nn g a ll t i e -  p i r ~m n n e - t e r . -- Q (

~~~
) a t  n - - 1.

I n  a d d  i t  ie m n n , i t  fe-I los- i-u f r u - n n  ce-nd it icm 2 t > n m t  in a l l  c a s e - - - , c- i g m m ; i  ie-SS of n

t h e n  t e l l ;  er ~n tu r e-  f I e l d  hey the- moment of s t a r t  cf f r e e z i n g  is Ide -n - i t  I c - n  I.

line m g i - ni - c t inv e-o tig ationn (witl -iin t h e  l n r n i t s  c - f  th~ l a m - c - f  o n n n u a i .  o s c i l —
l i t  i — I n s ) , t h e - -  bounnd sry co n n d i t i c - n i - anid t h c~ cue-ti ic i e n n t  s - c t  h n . .~i t  m d  m o i s t u r e

i- c u i5fe r are- g i v e - c t  in t l n e  s u s i nn e m an n e r  as in t h u c  p c c - c e - d i n g  m r t  - - F  t ; e  m e  -~e it

s ec t  a. Let us  o n l y  n i - - f e  t n c t  t i - s t  f u l l  w a t e r  cap n c i t y  (by v c c l u r n e -) W
b 

=

i n d  t I n e -  m I t  Li 1 d 1sf r ibu t  ion - -f m e - i  - t i n n e  ( i s  i-sos l u - c n n  ej m ~t ed nit , lt c 
c~ i n c  ides

w i t h  t n e  n r c — w i n t e r )  i s  assumed t - -  be constant in du - ; tin co d  c - - l i d t -  w
abs

I l n e -  results of calcUlati ons i f  t i n t -  d y n a m i c  - in t ime - - F  t h e  ni e t i .  c f  t h en l m y em

- c f  fre ezing (t) m n - i d  time - an nne -cumi t - - C h sm v ing h (  
~~~) , 

and a lso t i n t  c r y - - g e - I n  Ic
str icture- c f  the- layer c u f  n , e -~i sOnJ  I f r e e - i  ing a t  d i f f e r  n i t  vu l u c - o if 

~ ( 
~~
) in

t b n e -  c i s c  1 are p - r e - - c nit e-d nm Figu r e- 15U . P r e s e n t e d  in t i n e  s~sns e  ~ a ce -  arc-
d i n g r a m  cf ~ ( i), ar i d  - i iso the pos it ion c f  the m e - b i l e -  b c c u m n d a r v  of the thawed
zon e- Irn re 1. t~~c mn u to  t l n e -  m , i r k e n r  of t l c  s u r f a c e - - t  t i e - g r i m u n d  m i n i m a l in the--

‘c i r  y ( T ) .  I t  is  obv i c , u s  t i n  it in n  the -  p m u c c e s s  c - i  fc-crma t t i - in  i - i f  ice l a y e r s  th en
v a l ue  - i f  y (  

~~
) re-irma i n s  i n - i v a r i a b l e -  i n n  t i m e , w h e r e in- . .~ ( T )  by v i r t u e  u - f  h e a v i n g

i n n c r e , s s i - ,. In a ll c i s c - s t 1 n e  f u n c t  i - - n i  1 + 10 s i n  217 1 C wa n; t ak e - f l  i s

As f o i l-  cn m -nun  t h e  - - i - t m m e d  me u l t - ; , u p c n n  f u l f i l m e - m t c c l  t h e -  i b m - y e - — in d i c a t e -L i
c m - i m n d i t  i - - n i  - t I n e - ch~~n ge- - - i f  f l i t cou r e- of t i n e -  t e - nn r p  e r - i t  l lr ~ u t f i n e  s u r f a c e  has a

m a c t  Ic. Il-i ins i g- i ui f ica nn t c-ffe-ct on ttne- t c i t i 1 dep th -f f r . - e - z  j og cn n-id t h e  am o u n t
mcf h u e c . I v I n n e - , in a - e , m , s m c n l .  At the si ll i e t ime- , t i n e  ci - v - cg e -n i c  s t r u c t u r e  in - i  the f r i - c - i —
n n i g  layer c in a rn ge - s sub t a u t  l i l l y  dun inng  change  of in. l u c r e 1.-i a vt-r-.-i si-s - im p
l in t  i - r c - - i m n n n e - Ct i c n  be t we cn n  the change-- cc l w a r m l m n g s  an d  c m i m m lingo In the winter t ime
m d  irc u -gulir ity in the-- c ryogen - s i c  s t r u c t u re  mmf the- t r e e - i ing laye r  im u i n i f e s t e - d

a t  - mi 11 ra lues c -i in , wh en t i n e  lenngth an-id i n te rn s ity c - f  t i c - s e  usc ii i i  t i e - m i s  are
r a t h e r  l a r ge .

W i t h  incre -as .- lii t h e  numbe r if  c c - C I l i i t  i c - n ; -  t i n h~~t c- r - u g e n m e - i t  y Inn the- frozen
i ’;e-- r increases subn tannt i i i  ly. Thus , i t  0 2 , O l e - n i  li-i ti - i c - middle- c f  t he
wint er t in - i m e- 1. a s i n n g  le- warming of c e e n n s  I d e - ma ide l e n g t h , In - is  i d e -  the free-i inng

l m i c r f m c r n n n ,  i d l e  layer wi th a t h i c k n e s s  mi t m o r e -  than 15 cm. in  the r e s t  of t h e
fr i c - n i  l a y e r t ic- Ice conte -nnt is c li c - ;e- iii the full moisture c ap a c i t y.  At the
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same t ime a t  n -
~ 2 l n ; m c l . a t e d  ice l aye r s  w i t h  a t h i c k n e s s  of no t  l ess  t h a n i  5

cm do n - i c-c t  f o r m . In  t h a t  case d u r i n g  f r e e z i n g  an in ter s t r a t i f i c a tin n  Of sec-
t ions w i t h  d i f f e - r e - n n t  ice.- - s i t u r a t t o n  occurs , and on se - c t i c c n s  w i t h  a h i g h ic e
co n t e n t  s c hl i er e n  fo rm , the  th ickness  of win ch is kn own to  be s m a l l e r  t han
the  ste -p  on the coordinate . Of very great importance from the  p o in t  of view
c - f  t i - s e  form .- m t i o n n  of ice schl l ere r m ar e w a r min g s  a t  the s t a r t  of winte r , when
the t h i c k n e s s  if the freezing layer still is not great. This statement re-
ma ins valid at any  values of in > 1 in sp ite of the fact that w i t h  growt h of
in both ti-se amp litude -- and the length of the oscillations dIminish .

-
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F i g u r e  151. Dynamics  of the
I \\\‘ \ / ~~

‘ depth -if freezing and heaving
-- 
\_-]~

TI~~ \~/~ j~ 
- in t ime , and a l s o  the  cryo-

- ~~~~~~~~~ - - genic structure of the freezing
- _-

~~~
— layer  at different va lues of 

~f or p  0. DesIgnations are

- the same as on Figure 150.
-‘ - -~ 2 5

On the p resented diagrams of the cryogen ic structure this Is manifested in
the fact that at in > 2 the number of layer s with a different ice content in
depth is smaller than the number of warmings , wh ich Is in - 1. At).I = 0 (FIg-
ure 151) the picture is similar on the whole. However , since at ,~u 0 a ll
the oscillations in the wint er period have an Identica l length , amplit ude and
average annual tempera ture, in the g iven case the connection between the non-
me-ne-tonic character of the temperature of the surface and the f o r m a t i o n  of Ice
s c h l i e ren  is sharper. Thu s, for example, at~~a — 0 the thic k ice layers (not
less than 5 cm) correspond to at least the first three fluctuations of tem-
perature, whereas at p — 1 t hey  correspond t i -c  only the first warming.

Thus the heterogeneous character of ice formation dur ing freezing can be quan-
titatively connected with the non-monotonic character of the change of climatic
cond it ions in the win ter t ime , expressed In an alternation of peri’-cds of warm-
ing and cooling.

The possibility of establishing a quantitative interconnection between the
climatic conditi ons and the cryogenic structure opens up broad possibilities
In the solution of very conçslex prob lems of fr--n s t  prediction and historical
geocryo logy.
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3 • Ca icula t lu- i n  i - if ti-se D ynn m m i c s  - - I  t h e  l e n i n ;  c-r u t u r e -  ~i n i d  C l u c i s t u r e -  F i c -I d s  a n - i d
the  Amount  u-cf I l e - av i rng  D u r i n g  l re - en z i n n g  - i f  t h e -  S e - i  se-na 1 ly  l l n a w e - d  La - icr

l i m e  nflUtu~m 1 u t e p  en d e -o ce  of t b n m  r a t e - n  of f r ee - i  inng  and  m o i s t u r e -  m i gr ~-st ion has t i m e
me su I t  t h a t  t h e  cryc ige-nic s t r u c t u r e-  of t h e  se a s o n a l ly  t h a w i n g  l ay e r  is a r e s u l t
of a c u - u n i t - l e x  mocess which - s  dep ends  c nn m a n y  f a c t - - r o .  V ery m i i i ;  c - c L i n t in th in t
Cis c is the  regime-  c f  w ate r-~ on t i p  of f r c - c s t , c h a r a c t e r iz e d  by d i f f e r e n t  fe-cd-
inng ce-nd it ions and t inne of c - x i s t e -n n c e  of t i n e  w a t e r — b e a r i n g  he i r  t i n - - i n .

\~e- w i l l  e x a m i n e  the- r e - s u i t s  of a number of ca lc u l .-it ions  of t i ne - d yn amics  i f
f r ee z in g  u - f  t 1 e -  sea s o n a l l y  t h a w i n g  l ay e r  with c o n s i d i  r u t  i c c n n  of r n m c i s t u r e -  mi-
grat I -a in t h e -  case h a r m o n i c  o s c i l l a t  i c - p m . of t ern ; e r c t u r e -  on the  s u r f a c e-  c f
t he  ground . [he ca I c u l at  l im o were made w i t h  in t h e  f i  n i m e - w u r k  of a s i n g l e - - f r o n t
p c - - i ’  1cm , tha t is , under  the  c u - i n d i t i i - i n m  tha t f r - c m  the  me -m e - -m t of a c h i e v e m e n t  of
the maxinum of t h a w i n g  (which  s et - -i in no t  l a ter  ti -san t he  s t s r t  (-if f r e e z i n g )
a m nd advance of the  u i -n em boundary  of t he -  t m - - s t  is absen t  u n t i l  the  f r o s t  has
washed away. At first the  t h i c k n e s s  of t i - s i -  l a y e r  of s c s a s i i n i ~n n l  t h a w i n g  ~ is
de t e rmined , and al s o  the t enn p c - m a t u r e  f i e l d  in - i  it on t i  t i n c  m c i r n e - n t  t he-  t h a w i m i g
ceases t • At t - ~t the dynamics  of the te -mnn ; e-rnture and mnno i - t ure fields inni- -i •o - 

-

the  s e a s o n a l l y  t h a w i n g  layer  are- d e t e r m i n e d , and  also i t5  cryogenic -tructur e
and the  change  of the  amount  of h e a v i n g  in t inne - h ( T ) .

I t  mus t  be - no ted  tha t in connection with h e a v i n g  t i n e  s i z e  c - f ti-se re - gi c - ;n c-cf
inves t i gat i o n  in tha t  l a s t  case can considerably exceed the- initial thickness
of ti - ce -  s e a sona l l y  thawing  layer . In  conn c-c ti in c with that , b c - l c w , in examin-
ing the-  c r y o g e n i c  s t r u c t u r e  w i t h i n  the  l i m i ts  of t h e  s c - i s c c n i : i  l ly  t h a w i n g  l~ c y er
as  the -  s t a r t  of t he  r e a d o f f  we- w i l l  t ake , wit the surface- of the-- ground , w h i c h
in t i m e  mi- ives the-  a m o u n t  of the  sought  h e a v i n g ,  but t i - se  base - c f  the  s e a s o n a l l y
t h a w i n g  layer , the- p o s i t i o n - i  i- c f  wh ich  has a l r e a d y  be -en d e t e r m i n e d .

To i-ibta in very grea t h e a v i n g ,  in a l l  the  ca l c ul a t  ions it was  assumed t h a t  the -
1r e — w i n t e r  m o i s t u r e  is equa l t - i - c  the f u l l  m o i s t u r e  cap a c i t y .  In  a d d i t i o n , t c

cons ide r  tine change of d e n s i t y  of the  thawed gri -cund be fo re -  and nft e - -r the- corn-
p let i - i - m n of thawing the value of A at t - 

~t a nd T —
. t was assumed to be-

t 0 0d i f f e r e n t .

The i n f l u e n c e  of change of the reg ime of feeding the waters above the f r o s t
on the formation of its cryogenic structure was examined by vari~-rt i - - i n  of the
corresponding boundary condition in the equation of m c c i s t u r e -  t r a n s f e r .  In
the presence of c o n i s t a n t l y  u - x i s t l n g  n o n - f r e ez ing waters  above the -  f r o s t , a
constant moisture is fed on the base of the seasonally ti-ca win~ layer , moisture
equa l to ttse full moisture capacity. In tie Case -- f absence -- i f water s abo ve
the frost a con-md it ion of iscnl at jo n was given , tha t is , the f l o w  c-cf m o i s t u r e
on the base of the seasonall y thawing layer q(~~,t) was assumed to equa l zer-- .

Finally , in the intermediate case- the- fre - -in ing of the seasnnally thawing layer
Is examined under the C o n d i t l e c i n  t h at  in  ti e- course n-if the wim iter period the
wa~.rs above the frost are used up. For generality it is assumed that the
consumption starts after a certain t ime from the moment m i f the start of
freez ing, after whichi in the course of a certa in t ime ~~f the level of the
waters above the frost drc -i 1 -, t e e  zeris.
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An estima te c - i f  t he  i n f l u e n c e  of the conditions of moisture exchange- i m a  t h e -
b a s e -  if t i n e  s e a so n a l l y  t h a w i n g  layer  was made at d i f f e r e n t  amp l i tud es A of
f l u c t uat i o n s  -f  the -- t e -mpc e -r~i t u re  of the  ground and the same hydro-  and  tf -~e-rmo-
phys i ca l c har a c t e-r i s t i c s  c - i f  t he  med ium as in part 1 of the present section .
The difference consists only in the fact that in accordance with the above it
is a ssumed t i n - u t

I - s  — -- - in  - - ‘-i° - c ~~ ‘ I - - 

i n  c ; l  - - -

icc

L u c-~~: - u n - )  ? I 2 a n s i i ~~~
-

The temperature on-s the surface was given in the f o r m

- - 2n n 2 - i l
ru i - - i  — - - ~~~~ 

— - - -

In addition , In a problem with a continuous nature of ti-ic fcc-ding of t i e -  wa te r s
above the frost Lit~ = 1450 hours and 1000 hours. Finally , for comp ar ison
the cases = 2050 hours , and also duf log a gradual cessation-i mu f feeding of
the waters 

~~
c2 

= 3000 hours were examined at A 10 ,

11 ~~~ 
c- ( 0 - _  - / - 

- 

- 
-

b 
U

i 
I b

Figure 152. Dynamics of freez ing of the Figure 153. D ynamics  of f reez ing of
gr ound (~~) and heaving (h) in t ime (C) the ground (~~) and heaving (h) in
under different conditions of moisture t ime (t) under different conditions
exchange on the base of the seasonally of moisture exchange on the base of
thawing layer in the case A — 10 C: the seasonally thawing layer In the
I - with a constantly existing hor izon Case A

0 
20°C. Designations are

of waters above the frost ; 2 - In the the same as on Figure 152.
absenc e of waters above the frost ; 3 -

dynamic s of freezing without consideration of moisture migrat ion (according to
Stefan); 4 - during consumption of the horizon of waters above the frost in
the course of 1000 hours; 5 - the same in the course of 3000 hours, a - Start
of consumption of hor izon  of waters above the frost b - ~~, hrs.

Presented on Fi gures 152 and 153 are the dynamics of the freez ing of a season-
ally thawed layer and the amount of heaving of the ground under different con-
di tions of moisture exchange at the base of a seasonal ly thawed layer at A =

— 10 and 20° respectively.
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Fi gure 154. D i s t r i b u t i o n  of the total Figure 155. Distribution of the total
moisture within the limits cf the moisture within the limits c f  the -
seasonally thawed layer under differ - sea sonally thawed layer under differ-
ent conditions of moisture exchange on ent conditio mns of moisture exchange on
i t s  bas e a t A 10°C. Designations Its base at A 200. a , b & c as on
are the same ~s on F igure  152 . a - Figure  154 ; ~ ther des igna t ions as on
Hydrometric movement of su r face , m ; F igure  152 .
b - M a r k i n g  of surface of the  ground
minima l in the year ; c - U pp er boun-
dary of frost.

Shown on Figures 154 and 155 ire the curves of the distributli-in of the total
moisture over the prc-ifIle of a seasonally thawed layer , reduced to the base
of the layer , tha t is , to the depth ~ , obtained under the same conditions .
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I n n  cal~~-s w 1 - c m e c m - i c r  l e  t e- I m c c i .  ing cf  t i m e -  seasc ia 1 ly thawing in yc-r occurs , t h e -
curve- s m e - s e a t e d  - - i n n  F i g u r e  n - 154 and 155 c--crresp m d  t o  t i m e  moment t h e -  sea son-
a l l ’ i  t h a w i n g  l iv e r  is  washed awa y f r i - c m  the f r oz e n  rock mass, and in t h e -  con-
t r . u r y  case  I - t i ne  m icrnc-nt c - f st a r t  of t h a w I n g  of t h e  l at t e r . Present ed  f r - c m corn-

~ ar i s e - sn  on F i g u r e - s  15 1-155 a re  t i n e -  r e - -wi t s  c - f  s o lu t i on - i  - - f  c c i r r e - - s n  ond ing t rob-
lems w i t h -  -u ;  m i g r a t i o n , obta  m e d  within t i n e - f ramework  u-f ti-se Stefan rr c - cb lcn ni m .
in  t ina t  C~i 5 e -  t h e  curves c-if t ine d i s t r i b u t i o n  of m o i s t u r e - - c c v em the den t ;  - i f  t h e n

Si - c s - i - n a  11-! th a s - i n g  l a y e r  r e - n  r e s e n t  the  s t r m i  i ght  l i n e s  s- W
1
.

A s f i - 1 l - - - ~ - - f ro m  the e - x u r n i n~i t i ~~ n of Figures 152 and 153 , umnd cr fixed climatic
c o n d i t i c c n n s  t i n e  h e av i n g  cf t he  g r - i u n d  increases  sharp ly w i t h  i n c r e a - - e of the-
1sf low - -f  Wa t r above- the f r o s t  • Thus , in-i the  absence  of an lnf low c - i f m u - isture

-c seasonall y thawing layer f r e - e n z e - s  c e - i m p l e t e n ly .  In tha t case , in conn ie -c t  i- - sn
w i t h  the  gradua l c o o l i n g  of ttn e- ground i n n  t he  p r e m ; e - n-nc c of the h a r m o n i c  ~ ( T )
und cccn n s ider ~m b l e  in i t  i i l  mo i t u r c -  ne-a r t he  s u r f a c e , an ice -  l aye r  w i t h  a t h i c k -
nes s of 2 - - L i cm f c c r m s . In the p rocess of f u r t h cm  f r e e z i n g  the -  h e a v i n g  p r a c t l c -
a l l y  c e ase - s  -irid , as f o l l o w s  f r o m  F i g u r e s  154 a nd 155 , so i l  with littl e - ice °fl
t i-n e- w h o l e  f m c r m n s . However , in t he  case of c o n t a n t l y  a c t i n g  w~c t er s  on t n  of
f m - m t  t h e  s e a s o n a l l y  t h a w i n g  lay e r  f r eezes  only  p a r t i a l l y  and  t he  h e a v i n g  oc-
curs  e x t r e m e l y  i n t e n s i v e l y .  It  is essentia l tha t under the- giv en -i conditions
t~m e h e a v ing is ma i n l y  connected w i t h  t he  f o rm a t i o n  ins ide the s e a s o n a l l y  thaw-
ing l i y e - r , a t  the  ba se- bf the f rozen  l aye r , of a t h i c k  ice l aye r .  I t  must  be
noted t ha t  under  the c o n d i t i o n s  adopt cd  in the  ca l c u l a t i o n s  the  for iru ion if
t~ne i n d i c a t e -d  ice layer occurs i n d ep e n d e n t l y  of t he  amp 1 itud e- c f  o s c i l l a t i c i n s
c - i t  the a i r  te--m~ enratur c- a t  a distance of ai-e-ut 0.5 meter  f rom the  w a t e r - b e a r i n g
h o r i z o n .

ih e  f r e e z i n g  of a se-a soaa Ily thawing l aye r  in the  presence of a c o n t i n u c - i u s
cha rac te r  c-if feeding of waters c-sn top of the frost depends on the- va lues of

and LT ,• It is o b v i c c u s  tha t before- the level starts to fall t ine - ~ m - - c e - s s

of freezing coinc ide-n , c ium rle -t e - l y with the- case just cons idered . I t  is e v i d e n m t
fri-sm Figures 151 and 152 that at ~~~~ = 1450 hours  the leve l of waters on t i -p
of t he  f t  ost s t a r t s  t m - i  f a l l  a f t e r  t~ e ice laye r fo rms  ins ide-  t he  s e - a s - - sina i ly
thawing layer. However , later , sinc e- in the se-lected regime sef waters on t - - p

-f the - f r o s t  t he  l o w e -r i n g  c - f  t he  Ir leve l subs t an t i a l l y  ou t runs  the r~i t e -  u i f

f r e e z i n g,  an  i n t e n s i v e  d r y i n g  of t he  r e - n - n t af the  thawed p ar t  of the  s e a s o n - s a l l y
t h a w e d  layer occurs. As a result of tha t t h e -  sea s o n a l l y  thawed l aye r  f r e e z e s
c - m m p l e t e - l y  ar i d the  ground near  the  ba se - cf tha t layer  proves to  c c c n t a i n  l i t t l e
ic e- s

Thus by using such ca lcu la ti -- cmns when the- values of A Z
1 
and ~~t , va ry it Is p c - i s ~~

sible to quantitatively estimate the change of the crye-cgenic ~tructure and
heaving on different sections depending on the regime of water s on top of the
frost , which are determined by the relief and the t ime of freezing of feeding
r eg ions .  C--m i n im i r i s on  cu f  t he -  r e s u l t s  c f  ca l c u l a t i o n  a t  d i f f e r e n t  va lues of A
(Figures 153 a n d  154) make - it possible - to find the dependence of the dlstri8u -
tion of the  Ice c o n ten t  - - v e - r  t he  section of the seasonally thawing layer on
the va lue of A • It must be noted tha t In c o n t r a s t  with seasona l freezing,
when , - - t h e r  c o n d i t i c c m n - m b e ing  equa l , a w i d e l y  known r e gu l a r i t y  of decrease of
ice c on t , -n - i t  w i t h  increase -i~ef the freezing rate-s Is noted , during the freezing
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- c i . se -a s- -na 11° t i n a w i n n ~; l a i r s  t i n e  p i c t n n r e n  i n-i c e e m n l i c a te d . i b i s  l i  U I - i  r . t m

e mc  gr a t -hic -- I l y  by C i  I c u l a t i - - i n s  in t t m c o h - - c - m c i -  e I w~ct e-r s ~cn n ~~~~ c t  i i - - t ro t.

.-\ c t u a l l - - , a t  t i n e  start of f Y i  e - n ’ i r n g ,  w h e n  t - c , u d i f f -  c e f l c e -  in tine- m i i n r n e  ;i~~ i f
s e a si - in o l l c  t i~j~~ j~ng l i V e  i 5  c l u e - n m - s t  n n t : n m l  t - - h a v e  in  influence , t i n e  i —  c n n n t e n t
i i b t i i : i ~~d in - s c a 1c ul ~n t  i - - n a  w i t h  d i f f e r e n t  vnc l c m e - n n  of A is c - - : n r n - l e  - I v  -aJ~ u je - c t  t- -

t i e  i n d i c n t c - d l; - - . ~u c w e  ve-r  , dur i nm g furL-, c n f r e - - e i i n g ,  he--cause - t h e  t i c i n ,
of a s c a s e u n a l l y  t h a w i n g  l a - e r dec rease-s  w i t h  d c - c r c - s e - - f  A , t —  d c - : c m i d e - n n c
- - I  i c m ~ f - m n n c m t  i - c n n  m c l i  A b e c c - n n n e s t l n m ~ r e v  r - e  — — at the- S a l l e  ni -; t I n  the - Ice c - i - n m —
t c ! m t  is lowe r at sn~i llm . r values 

~ u - ’ 
i \ c t c m a l l v , inCn - -~~l - e m~ ~~ n m  i n i ~~e 1 i t y

- I  IC c 1 - - m n l c n t i - - n i  t t m n e -  s-t i r t  c - i f  I m e -- e z i n g  w i t h  d e c r e a s e  c f  A I c - c d - , I L  t h en

d c - p u n n d  nce -if t h e  thicknes s - m l  t i - se s e a s c a m i l l y  t n c w i n g  la c Y  on ~\ is t~uk e-n;

i n - i t o  cons idu r , t i - i n , b-- i a rn--me - r u n  i~~ dr in g - - I t h e  u- n d- rIcing a r t  - -  f t h a t

l o v e r . In t i n e -  ; urn ne  Case s , Wi n u nn ct  t i n e  b a s e  c f  t i n e -  s e - ~~n; c : n n i l l y  t h c w i ’ - i g  l i v -  r
t h e r e  a r e -  w a te r s  c - i n n  t i - n  of t n e  t m - - n  t , t i n e  de~ e-n dence-  c - f  ice I n - m n 5 u t i o O  c .

d c - p t~ c - f  a s e - c u s m m n i a l l - I  t h a w i n g  la ye r on - i  A is c - - m p - l i c a t e d  in c o r c n n e c t  i i i  w i th

t h e  f - - n - n r c - t i m - n  of i n  m i t e - m i d  i C e  l a y e r . li-i that cis c , m - - i we-v e - r , slric e at sn -n Il
v i  lues - - t  A ( and  in  t~~ c- me se - niCe -1 snm-n 11 se-~n s c u n n a  1 ly thawing i c  :- ms ) t i n -  f -  - m —
n : L t i o n  c - f  an  ice-  l i y e - r  o ccu r s  c i c - s e r  t o  tin e s u rf a c e - , orn th e w~- s c i e t h e -  g e - n  r u  1 —
ly icc ; ted de - - n n d e - n n c e - -  -i f I - i n n t e a - - - i t y  u - f  ice I - r n - c t i c - i l ni the v - c l u e  c - f  A
is ~~me n c  r v ed.  As f~~l I c - i c - i  f r - - n ;  i gur e- s 1 5~ a n d  1 5 3 , in t n - i - re se n c  ~~ n--n ?

f m  e n  i n n g  wa t i m i  c-sn t m ;  of t i n t -  f m  - n ;t a t  ti-se ho se- if t he  s e - i  soon 1 ly  tt~ c~ - m g
l a- i cr  t : m  t - ta I an n-  - m i s t  of he - nv lug a t  A = is 20 cnn Iarg- -r t n  a t  - - . 20
w h e r ea s  a s ur f i ce - i-a - l ayer  d i f f e - r n ;  ins i~~n n i f  i c a r -t  ly  a t  t h e -  i n d i c a t ~ -d v i t a i - ~

- I A .
0

l i n us t n e  s i c l u t i i - i m n  - f  t h e  r e c b l e c n n i  ~~f t h e -  Y e  c- i  j i g - -  I seas - -mi d 1 - -  thawed lovers
w i t - C u u f l r  i d e-r i t ion - i f  mi-s i t mire m i gra t i- - in W i t~ a Cmm5m ~ uter inc ke -a  i t  p o s s i b l e -  t c i

i r n v e - - t i g a t e -  r i t hcn r c- -inn ; ii t e - l y  a m e o n l i e r  of e x t r e m e l y  c- nrc l e x  p- h e - n : dine-n a I p - r a c c —
t i c i l  imb c r t  0Cc c - - n n n n e c t e . d w - i t i ~ c h a n g e  cef t he  c ry og en - i  ic s t r u c t u r e  in I r e  e - n  j o g
gr an d . i f l e  s u m l u t  i - - t n  of such  p m -  I u l e - m n -  i n n  s r  I i  -.,- i t h  d i t  f e -n - c- n i t  r e - g i n n c e - -s cf
t h e -  c u t e - - m s  on t am ~ -f t c -s~ ft - -i p e r n i n i t s  n n c k i n i g  a I r - - - t lor e- c c 4 1- -n r a t n e - m  large --
a r e a s , b- i, si ing  t m ~~ unw ie id ’ ,’ c - : l c u l a t  1 - - m m - - or m n u l t i d i m e - ; m - i c m n m i l  r u l e - m s
d i f f i c u l t  I n n  r i c t  i c e -  a t  t tm n c  n r c - - c - a l  t i m nic .

3. In iv e - n t i g a t l o m n  of t h e  [ r e e - z i n n g  c f So i l  ~~i t m m i l - - i s t u r u  N i g r i t i c m n m  by i h - u n i s
- c i a S~ If  —model  inng  Sn l u t  i - - s n - i

I t  is advisable - t s- -lye a n r u b l e - r n  rif t n -  f r e -e - z l u g  - i f  s i - i l l  w i t h  m i - s i s t u r e  n - n i —
g r m t  i - m n  in t he  ga - n e-r u ca ;e , ine -c~n u n e- of u n n w l e - l d i n m e a - s , n c - I c - c t  IVe  l y in  - - r i l e - c - to
- - lu t e in r e f er en c e  d~m to , and only i n n  e d e n  where  t i n e -  c u - i n n d  i t  i an s  i - I  Se it — mm - cd . 1 ing
- re- known n i t  t i c  enccur . 1 yp i c i l  cx c nn ~ le~ c u t  such rob lem s i r e  m i c e - b  iga t ions
c - f  hea t and  mass  t r a n s f e r  d u r i m n g  f r - e - .~ i n n g  -cf a se-asomna I ly t m e w i m n g  l a c e r , dur-
ing f r e - e - i I n g  f rom b c-l w , under  t h e-  c on d i t  i c c n s  c f  a m u l t  i f r - - n u t  p m m i b l e m , e t c .
At t ine - - ; n i m e  t ime- , in a conns i d e - r u b l e  number  of coSe- s in s o l v i n g  p m o b l e - r n -  e e l
f m - c t j r e d i c t i o n , t - i -  - - i - t i in estInn~i te-s It is p m c n - -- lb l e -  t i m  l i m i t  c - m a e -h  t solv-
in g a s e - I f - m o d e l i n g  p r i ch l e m ,

10 app l y a s e - I f - m o d e l i n g  s o l u tio n  in c m u n c r e - t e  c~ls e  a It is n n e - c e - n - s m r y ,  w h i l e - -
p - r e - n ;e r v i n g  a l l  the n m b o v c — i n d i c c t e - d  ma in p r e p  e - r t i e - s -- i f  soils (tin e r~ - s c nc u ~ c f
u n f r o z e n  w a t er  - in - i d  var l i i i  I l i t  y of t h e  h e - i t  an d  ma ss  cxch amng e -  c h a r ac t e r  1st Icr ,) , ,

m c  oem ly ave-r i ge t i n e  bounnd ary  ccund it I m i n i s  i n n  t i n e . - equa t I - i n n s  of t c nc ri~ i 1 i n - i d
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m o i s t u r e -  cc-cnduc t  i v i t y.  I f  i t  is  t a k e - n  i n n t o  cons ide-r at  i - - n m  t h u  ice-  accumu-
lat i o m m  is i n n v e - r - e- ly j r --p irt i- - n i l I t - -  t he  r i  t e -  c - i f  mov ement  cif t I m e - front , i t  is
jcc ss lb I c - to take  as t i l e - b o u n d i r t ’  temp c-m i ture- a certa in - s - -v i  m s t m  ted va lue - , oh -
to ining in that case  t m - c  ice con t e - n ~t w i t h  a c e - - r b - i  in me - c - ry e .

We w i l l  ex - :lmim ne t h e -  a; I icat ion - - f  a s e l f — m m - -i de - i  log s o l u t  ion - i f  t h e -  r u l e - r n  c f

f r i  ez imng wi t 1-  m o i s t u r e -  m lg r a t  1cm in - i  b o t h  a ve ry  s imp le -  ficmmai l i t  Pun (c i t i m i u t
c - in s i d e -r a t i o n  c - i f  heaving) and in -i cornip l e t e  f o r m u l a t i o n  f - c r  quant i t a t  icc i n —
v t - s t  iga t I m~~i if some regular it ies c - f  t inn e- p r-ucess.

/Determimnat i - - i n n of t h e -  va lue - i f t i -ic inoisture - conten t  of t h e -  t i n r e - s h i - I d  - - I  heav-
ing by means c- f a very s imp ic  s e l f - m o d e l  imig  so lu t  i l - cr - i  m e f  - i  n o n - I  in iea r p r o b l e m
-f f re e - i  ing w i t h  m o i s t u r e -  mi g r a t io o/ .  The  exclus ion-i  of h e a v in g  f r e i m  th e -  f u r-
mulat i-- cr of t l n e -  p r ob lem in a v e r y  s i m m  Ic s e - i f — m o d e l  inng  s olu t  ion su i i s t ~m n t i a  I l y
limits the area of i t s  a p p l i c a t  i o n .  At  t im e same- time -, eve-n by means  - - I  a v e ry
s lim le s e - i f — m o d e l  log s o l u t i o n  i t  l5 ~c o S 5 l b 1 e n  to sc - i c c  a n n u m b e . - r  - - I  imp c c m t a n n t
quest  ions  connected  w i t h  

~ 
mec l ic t jug inc-a cing. In p articular , by means of such

c. lcu lot  i d - i n s  i t  is p o s s i b l e-  to  qu~in t  i tj t  i v e l y  d e t e r m i n e  th e - -  c - - a n n e - d i j o n  b e t w e e n
t i n e  b o u n d a r y  c o n d i t i o n s  in t eam e - r o t n i r c  a n d  m o i s t u r e p r - - b l e m s  an d  t h e  h e a v i n g
haza rd  of sou r,.

Under constant boundary condition -is fo r  each v a l u e -  of t h e  h i l t  j -. u I m o i st u r e  con-
t e n t  it is p o ssible t -- i indicate a “c r i b  ica 1” t ern ;  e m - u t u r e  on t i n e -  surface such
t h a t  at all higher (but negative) boundary ic -r im er~iture-s freezin g will be ac-
c cc m; in led by heaving, and a t  lower bemp er-i t u r cs  heaving w i l l  tic ~u t m s e - n t .  Thin

concep t of the hean. ing threshold will be used be -l w p recisely in - i t h a t sense ,
which  is co n ven i e n t  f rom the  p m i n t  c m l  view c - f  h e a v i n g p r e d i c t  ion .  A c r it e - -r  i m S i

of the  f a c t  t ha t  under the  g iven - i  c c i u m c r e t e  con d i t i o n s  f r e e- i l u n g  will ben acc cm m _
s o le d  I ’  h e a v i n g  is the  e x c ee d i n g  c c l  the-  t c u t a l  m o i s t u r e -  cap a c h y by t . e -  t o t a l

m o i s t u r e -  c - - r i t e - - st  obt i m e d  as a r e s u l t  of s o l u t i o n - i  if t i n e  s e l r — m n n - - i d e - i i n n g  roblem.
Let us m u t e -  m i n c e  more -  t ha t , if t i n s  i n d i c a t e d  exceed i n n g  is l a r g e - , t i n e  - -im t ~ l i m e d
s o l u t ion  (s ince heav ing  is not c m si d e r e d  in i t s  f - u r m u l a t  im - sn I ) is u r e - l v  f o r m a l

~nd has ncn maci ica I v~n lue (see section Il , C h a p - i c r  3)

l i e  s im m licity c - f  s o l u t i e n n  cf  the self—modeling problem p ermits T r i c k i n g  r,e-rijl
CJICUIat ions of th e  f r ce -z tri g -- i f  moist f i n e n l y  d I sp - e - r sed  su - s l i s  u n n c l e r  d i f f e r e - n i t
bn u n n d ~m r y  c o n d i t i o n s  and  for  re-~i 1 heat— ari d nnnass—transfe- n - character ist ics c- i f the
medium. As in illustration let us examin e- then me - suits -f ca lculat ic-ins if t he
c ry o genn  ic s t r u c t u r e  as a funct i -mn - - i f the i m l i t  Ia 1 moisture cm-intent and ci imnat Ic
c- - n ~~1 It  I c - n  - - .  Inc c a l c u l a i l e - in n s  wer e nnade w i t h  the  same vu iues of the h e - i t  - and

n - c c s s — t r a n n s f c r  ch~i r a c t e m i s t  ics e m s  above (sect ion 1). The in - s i t  i al  t e --nn n p cr a t u r e
of t i - se g round over a l l  i t s  de’- - t i n  is assume d to be- 1 C .

l i n e -  m o ist u r e  c o n t e n t  of the- heaving threshold Wh ~ 
at each g iven va lue ru t  the

t m - t i moisture capac ity w - is fe - sund in ttn e- following manner, First , from the
- - lita tried r e - ,u l t s  of calcu~ at L i i i  c m l  thei  r n o m n - l i n c . -nr s e l f - m o d el i n g  problem is
found  the dependence ci t  the  t o t a l  m o i s t u r e  c o n t e - n n t  In t i-se f r o z e n  rock ma ss w~

a fui n cti - cn m c u t  the n a t u r a l  moisture content. l h en on a curve c - s r r c s p - e - n d i n g
t i e  t he  g ive-rn v a l u e -  of 1 a j n i i l n i t is sought at which w

~ 
= w b 

a f t e r  which
the  va lue  -f t i m e  n atu r a~ m o i s t u r e  c o n t e n t , wh ich a l s o  Is t~~e

Ssought  W
h ~~ 

is
de te rn ined  d i r e c t ly,  -
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Uh ~ t h u s — - u n t a m ed v u  lues  cf  t i n -  m c m i  t u r e -  c - m i l l  - n i t  c i t  t i m -  h m - e v i n i g  t i m n - i n n n h o l d
ms  a f un c t  i - -n -cf t I m e  C - - n i t  i n - i c - i t  i i  c h a r a c t c n r  ~c t  t n i e s u n  V i  l m i e -s  - f n 0 t c  t~ m 1

i nn- - i  i 5 t u r e  c i ;  mc i r v  are re-s e - n - ste d or-i F’ i g u r e n  156. ii is -~ ‘i d e - - n t  f r c m m  i t  t ha t
dur i ng incr e u s e  if t I m ~ ave-rage a nmnui l term c r u t m i r  t h m -  v a l m m -  c i t  t he -  h e a v i n g
t h r c - s h m m  Id in c re -a  sea  by more t I m - n  [n  I , and w i t h  i n c r e - m s-  i m f  t h i n  t - ta I rn - i - c i s t u me -
c a p a c i t y  - - I  t h e  g r m - i u n d  t i n e  \ -a lu c  of w~~~ a 1 a - -  i m - i i ’r c - m s e  - . A v e r y  sharp  ch ange -
- - I  th~ h e av i n g  t h r e s h o l d  i s  a f u n c t i o n  of c l  b u t  Ic e c i a d i t  i - - m n - - i c c u i r -  a t  s ma l l
am; I i t u de s  of th e n  ten t1 e-r m ture -i f the- s u r f u c e  and in  m a c t  i c u l l y  t i b i l  i z e - i d a t

i m p  1 j t U d e - r ,  1 ig in er  th an - i  20 ° (1 = - 12. 13 °). As cii lc ul~u t  i -  n m -  h a v e - ~n h c c s 1 i , t i m e
change of t h e  i n n i t  i n c  1 g r c c u n n d  tnt; er - i t u r e - -  i n n  r a t h e r  h r - i - c d  l i m i t s  ( 1 — 2  ) h i s  an
ins ign if i c , c n t  e f fe c t  u r n  c i t i n e r  th i -  de-~ t i n  of freezing - -r t h e  a n n m m u n i cf  the- ice-
C - i n t e n t  in t he  f r o z e n  z i n c  • At t i n e -  s unn e t ime- il-i c change  i-cf t he -  co e f f  ic i c r - i t s

cf r o t e - n t  L i i  an d  t h e r n u m l  c o n d u c t i v i t y  of tin e fmccL e -n ground has a sharp  i n f l u —
c - -n i ce- on the- re~ u i t s  --sf the  s o l u t ion , p r im nn r i ly  on t i m e -  i ce  s a t u r a t  i - - n  of t h e - -
f roz - n n g round and , c o n s e q u e n t l y ,  the- n i m c m i s t u r e  c i c n t e - n - i t  c - f  t i n e  h e a v i n g  t h r e s h o l d .
That  c i r c u m s t a n c e  is c - f  gr e  m t  i m p  -- rt an ce- fr- inn t i m e -  p c - m t of v i e w  of the- a p p  lic-
a b i l i t y  m f  v ir b u s  a p p  r-- x in~i t e  s o l u t  i c - i n n s  of t h e -  n h  i i  nn c f ir e  e-z irm g w i t h  mo i s —
tu r c - mi g r a t i o n , s i n c e -  in t hem t im e -  i n d i c a t -d i m m n n e t c - m s  ‘ i r e -  a s sumed  t i -  be con-
s t a n t (in ttm n m  t c c sin the p mu- i l) I em i n -  ii m e - m r  i z e - - c i

- 
_

_~~~ I F i g u r e -  156 . D e n  e - i i - i c n n c e  - f  t h e  va lue-
of t h e  m o i s t u r e .  C on i c - r i b  e f  t h e  h e a v i ng

- 
n~~~~ 

1 t h m u - s h o l d  w~ 
~ 

om t h e  cccni i n ent i 1 char-
det er of tim e c l i m a t e -  w i t h  d i f f e r e n t

- -  

- x -
~ value --s of t h e n  t o t a l  inm i s t n m r m  capacity

ir  n on - I  i n n e r ( 1-3)  a m n d  l i n e -  m (~. - 6 )

- - - c formu  Le t ioas 1 —— w = ~n ) ; 2 — — =
-- 

f - 6(i/~; 3 - - w = 8 ) / U ; 
t

K~~~~~~~~K ( n c1 t
~~)

- 
5 -- K (w) 

tK (30,~ ) ;  6 -- K (w )  = K ( 2 0 / ~) .

In connection with tha t , f - c m  q u a n t i t a t i v e  e s t i ma t i o n  of t i ’e - p o s s i b i l i t y  of
u s i n g  such i ; p m c e x i m a t e  s o l u t i o n - i s  in f i n d  ing t i n m ~ h e - i c ing  t i n r e  sh r e l d , c- - i r r e - - -- p c - n d —
ing c a l c u l a t i o n s  were-  mo de of a I i m n e s m r  i z ed  n-i c - I f — m o d e - I  j u g  r o b l em . l i m e -  l a t t e r
is obta lined f r o m  the  p n e - c e O  br ig ( n on — I  m e - a r )  p r ob l em d u r i n g  r e - p  l a ce -me -n t  c- i f  the-
; a r a m eters  dc?;. . n u d e - n - i t  0m m t e m p  c - r u t  un - -i - m i d  m r n o i s t u r c  

- 
K ( w ) ,  (t , -i~~ w ( t  ) by

cen r t c  in n  ave- raged  Va tue - n .

th e  r e s u l t s  of Ca Iculat ions cmf  t h e -  Va lue of the- he- iving t h m e - n i n - c  Id - - h mt c inc- i d in
solving the p m m m b i l e m  in a l i n e - m r  f o r m u l a t i o n  at T = — 5 . 7b ( w h i c h  c e r r e s ;  - rids
to an imp .i itude- c- i f  t empera tu re  o s c i li a t  ions  on tf-ic surf ic e- of the  g round  -f
10 ) are a iso p re sen ted  on F igu re  156. In  t hat  ca se -  t h e -  c m c e f f  ic i ent c f tim e r —

mna l conduc t ivi ty of f r - - i .e - rn ground was assumed to be 1 k c a l / (m ) ( h r ) ( d e - g r e . )
and  th e -  phase t r a ns  it i - - m i s  c - f  wa t e r  in the-  r m n i g e - -  if n e g i t  i v . -  t c-no r u - r u t  o r - i - - - w e -r e
e l i m i n a t e d  f r o m  c o n s i d e r a t i on .  T h e -  € - x a m i n e i t  i m m i  was con - i duc ted  a t  d i i  f e - r e n t
va lues  of the c o e f f i c i e n t  of potent  i i  I c o n d u c t i v i t y ,  l i n e -  reru n in - i  I m ig  p e r a m n c e - t  e m
ye-re- assumed to be- the same m a in the  a b c u V . - ~~C0flS m u - r e  d n o n i  I n c - m m  f e - s m n f l h l m t  ion.
F-cr convenience the values of the- p e m t e - ’ i t l a l  conduct i v i t y  were se l e c t e d  by
st a r t  log f r o m  the exponent L i i  depende-mice of K(w) a t  d i f f e r e - n n t  f i x e d  Va l i m e - s
- i - f w (w — 20, 30 and 40%), i n d i cat e d  in s c c t i e - i n n  3 i-i f thi s chapter . S Ince
K(w )  is a sharp ly i n c re a s i n g  func t h i m  of w , and the l a t t e r  in t h e  n Y- -Cc sS of
f r e e z i n g  is known to he be - low the  l I m i t  of r m - i l I i n -ig (207.) and n -i c - i t  mor e- t h a n
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w , K (20~~) and  K (~~( )  I corm e sp - i _ i - i d  to  the  annL m 11 c -n- i t and  I a r g e - t ( u t w~
ibi e v a l ue- s  if the - : - - t  e - n m i  Ia I cm - sn d u c t i v l t  y .  A n -  f m -I lows f r m m n n  t i n e -  r u n e-nt ed

re sults , t he  m ice -- s n-i of f r i-c z brig and ice -- f o r m a t  ion is e x t r e m e l y  se-Os i t  lye t -  -

t he \sm Lie c f  the- c u t e - n t  ia 1 cm - cnndu ct iv I t - i  of t h e -  ground • In t i i  - i t  Ca s. c- i du c t  irmnn
if t i m e  c c - c e f f b c i e - n n t  -- i f p - - t m  n t  i i i  conductivity, i t i n e - r  conn dit ion s he-jog equa l ,
leads  t m  a s h a rp  increase In the c lue c-f the he-aV ing t I n m e s h n o l d , a m n d  t ’ i e  r i  -

In the c i  b r o n u r  rn ib l em , j u s t  as in t he  1 inc-ar , i n i cr c n m s e  of 
~ 

i c - u in
t - ii r e -duc t  l oin - - i f the va b e -  c f  , l)ut d u r i n g  I m m c m I z at  b m u n n  t h a t  m i e n e n i d u nice
i n m s r e a s e s  a i m m rp ly m i  p m n  - - r t  ion t - -  r e -duc t  i om of t i i -- tcm n t Ia 1 c-i induct  I v i t  / .

At t he  same- t ime t e -  s e  l e - c t i o n  of t in t coeff ic i e - n m t  of t i n mm I cm- nn - l n m c t  iv it y - -f

the n  f r o z en - i  g ro un d  ~r lays a comisidenr ub l e roi~ - in f r e - e z  lun g w i t h  m i g m - t  I -  n~ in
t h a t  case , r e d u c t i o~n c f the -  c c - e f f i c i e n t  - - i f  th e- mr ru i b conduct  i v i t y  ( i n n  r e  la~ b - - n m
t i c  the  therma l c o n d u c t i v i t y  of f r o z e - m i  g round , which  a c t u a l l y  -rms as a re -ult
of f r eez  log ) iea  ds to ln c r e - -~e se of the- Ice co n t en t  and , Cum fln ;e -~~ue nit by * t cc en re —

duct ic -un c - f  t h e  h e a v i m i g  t h r e s h o l d , arid t h e  m e -y e  r a e -  • i t  mus t  h i  s i r e - s c-d t i n - m t
chang - --i f those coefficients - i - f  he-a t and m os s  t r a n s f e r  in  i - i n - i c  d i r e c t  i - be  i d ~
to  a c e r t a i n  s e l f — c o n m i p n ensa t  i - - n .  Very g r e - - u t  e r r m c r  c c - c r r u  - - p - c O d s  t c e  t e n  C m n - 1 c r e

t h e -  taken v a l u e -  cf One m n f the  c o e f f i c i e n t s  is u nd e r st  m t e - d  an d  tha t c f  t he  - -t ne r
is u- i v e -r s t a t e - d .

Thus t h e -  use of a ;- ;  r i - c x i m i t c -  m e thods  of ca lcu la t L u g  a I i n m e m m  Lte-’d p m - -i m lem of

f r e - e i i ng w i t h  mi g r a t io n  (a t  c o n s t a m n t  p a m u r n i e - t e r s )  cami  l e s u d  t - c - - i n n s  l I e  r i b l e n  e-r-
rors and in e a s e -n i c e  is imp i - s - - -- i b l c -  w i t h o u t  r e - l i m i n a r y  d e - t e r m i n n a t  ic - n  --L tin.

va lues  of t hose .  c ue--if  Ic ie-n t s op t  iir.a 1 f o r  t m ose cond i t  i - - c m — .

/ S o l u t i o n  of the  se l f - m o d e l i n g  problem of freezing w i t 1 n  m o i - - t n m m e  m i g r~m t i - - n n
w i t h  c o n s i d e r a t i o n  of h e a v i n g  and the f o r m at i o n  of ice- i n t e - r L m - i e - r s ( .  T h i s
p roblem was solved for three t3rp s of finely disp ersed so iln; with differ en t
moisture-retaining capacity and substantially different coefficients -f ;n~
tentia l conductivity. In all case-s the  dependence c f  t ic curve of u nfm c-Lemi
water on the temperature was taken in the form W

u 
( t )  = ~u ( b  - t ) 1 , where

a and b are -  consta nts determined with experime-n~a1 data. Similar is t e
d~pend en2e of )ef 

on the tot~m 1 moisture - content in-i the -  f o r m  
~~ 

+

+ b
i
w
~

) ,  where a
1 

and b
1 
are constants defined by the SNIP (Construct ion ~-i - -r ms

and Regulations), and also from the cond i t ii c - i t h a t  at w~ 
= b007~ ~\f

( I )  =

2 kcal/(m)(dogre-e)(hr). According to V . R . Gardner  (1958) t im e- f u n c t i o n
K(w) was ap p r o x i m a t e d  f i r  a l l  g rounds  in t he  form c-c f a 

2 
X~ ~b w  ~, w h er e  a

and b 2 ar e  C o n s t a n t s.  The i n i t i a l t emp e r a t u r e  of the med ium was a - s u n n e d  t m -
be 3°C in all Ca se-s. Data character Iz ing the coffl; u im s it i m c i i  of t ln es s o i l s
adopted in the calculattois and ~ilscc the thermophysica l characteristics are
pre-sented in labl e- 80. The - t e m p e r a t u r e s  adopted fo r  the  s t a r t  of f r e e z i n g
of ligh t loam , lig ht clay and medium Loam were -0.2, -0.2 and 0°C respec t ively.

The results um f the calculati on-is of then self-modeling pru-sblem of freezing with
c o n sid e r a t i o n  of moisture migration and heaving as a function cf the condit joins
of f r e e z i n g  and t i n e -  i n i t i a l  m o i s t u r e --  con tent  (other  cond i t  Ions  b e i n g  e q ua l )
f o r  l i g h t  and med ium loam are  presented on F Igure s  157 and l 58’~. In f i n d i n g

*For l i gh t  c l a y  w i t h  a low m o i s t u r e- - r e t a i n i n g  c a p a c i t y ,  t i n e .  i n f l u e n c e  of mi-
gration it T

0 
< 10 is relatively small.
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Key:  A - So i l  a - b - c - C
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1 - e i g h t  I - - a n n  2 — Li ght c l a y
3 — I l e d lu m  l c m m O  ( - c c - - c - d i n g  t - - e; 

• R . G a r d n e r , l~~58)

the -  clcp c o d e - n i c e  c i f  t he  ice - con ten t  w and  a 1 c - i  t h e -  p ar am et e r s  x and  ~ cin~c m uc-
t e r  iiJng the t h i C k n c~ -i f the f r c - t e - ~~ gr ound and the -  amount cf heaving on tine.-
t ern ; c r m t u re  on the  su r face  T (Figure- 157), t he  i n i t i a l  m o i s t u r e  c o n t e n t  was
assumed to be 0.9 w~~. J c i r  t I n e -  soils unde r cons idenr~i t  ic - in t h i s  Is 51. 3 , -~.5 and
3h ; 1  respec t i ve ly .  In add it i - i n n , f o r  a q u an t i t a t  by e  e - s t i n m~~te  of t b m e - -  I r i f  l uence
of cons id erit i -- n i of heavin g on the -  se - slu t  ion of ti - ce -  s e n l f - m o d e l  brig p m - - b l e m , on
F i g u r e -  157 m l  ~so ire pI t ted  the -  ice conten t  v a l u e - - n  obta Lied f a r  l i g h t  Iueani as
a r e - n - c u l t  of - - l u t  i nn  m m f  t i - ic - c or m e - s ; o m n d i n m g  s imp l i f i e d  n r i - i i l e n n m i . I t  Is ob v l c - i u n -n
t h at  t h e .  exc lus ion  of heav ing  f r o m  the f o r m ul a t  ion - i - f  the -  p r o b l em leads t- -
- - v e r s t u t e d  v a l u e- s  cf t he  ice con ten t  f o r m i n g  in t i n e -  f m e - e - z  Ing l ay e r . In  par-
ticul ar , w it i n reference I - - medium lem am , solution of the  c i - c r m e s ; - - n m d i m i g  p r ob l em
w i t h o u t  cons Ide--ra t i- cnn cu f h e a v i n g  under  the -  same f r ec - z  log con - id it ions leads  t i
absu rd  va b u e n a  of the-  t o t m i l m o i st  ure- content by volum e-, considerably larg er
than  u n i t y .

As is e v i d en t  f r e - c m  F i g u r e - s  157 and 158, the heaving which irises durin ng the
freez  brig of m e d ium l m c m m  is cons i de -r ob  by greater tha n under  ana log e -cu s  condi-
t i °nn - - f -  -r l ight  loam. In ad d i t  b c c m u , at w

1 
= m ) ~ 9 f - - c -  s o i l  if l ight b c - c a m  the

h e a v i n g  C e - . i a e  i t  1
~ ~ -0 , whore-as f c c r  medium loam It  I —  kfleiwfl t -  m CCUr even

a t  I —~~~~° • I - i s  is ma i n m l y  c m c m n n n e c t e -d w i t h  the -  fa c t  t i -ia t , is  f - c l  lows f rom
1 oh  Ic 1 80 , the ve m lue of t he cc - s c - f  f Ic lent of potent ia l conduct i v i t  y f c - r  l i g ht
l e u a m on t i m e -  whole is far smaller thai-i i c r  medium b e a u n . At the same t ime , is
was to be expected , upon di c r e - c s e  of 1 icr w~ t he  r e - s u i t s  ic f solu t  i - i - n - i  c - i f the
p r c i b l em  c -f freezing with m u - s i - t u r e  mi grat  Ion toth  w i t h  cons ide-rot Ion of he cv log
an - i d  m m  a slm 1 h f  led f o r m u lat i o n  converge .

442



- - -5-——-- - - -- - -

in r

• I- - — — 3 , - h —

~~~~ ~
- .

;~ ~~
—

—5 -5 -------
- 5._ - -i-  —S— C --
4 — -, - U--i . 

~

5 ~
- o 

-
- 

-
- - ‘ c _ O~ ~~~~~

• — — - - - -  -

-a
~ ,~~- I-- -- ’’~~~ 

- 
— 

- 
-~

- /  5 
~~~~~~~

- n _ — -u -  S -
‘ :1’~ 

:1--s -~~~~

F i gure 157 . Dc1 e- n i d e -n c e  of the  l a r a - -  F i gur e 15~~. R e s u lt s  c - f  s eI f -~ ode- I i u i ~
m e - t u r n  c f  l n i - m v b m m g  ( ( ) , t i n e -  th ickness  p r o b l e m  w i t h  cons i d e - r u t  ion -i of h e a v i n g
if  the  f r - - z e n - i  zone  (~~ + -3) and the f - - r  l igh t ar - id  m e d i u m  (br -ken - i  1 P i e )

ice content  (k )  on the  t e m p e r a t u r e  i- ia n - i n a t  d i f f e r e n t  m o i s t u r e -  cc - : n t e - - n n l s
of then  su r f i c e  I f or l i ght and me- for i~ = -5 C. Designations ems on
dium lo nm (b rok ef l) :  R e s u l t s  c-if cal- Figure 157.
c u l a ti o n  - i f  the  r c c b l ~~n ~- i t h  ( 1) and
w i t h o u t  ( 2 )  cons b d er ~m t i m i n  of heaving .

I h u n c  t he  c ry o g e n i c  s t r u c t u r e  and  h e a v i n g  d u r i n g  f r e e z i n g  ini s e l f - m o d e l i n g  con -i-
d i t i c - u m s  de; esn mc j  s u b s tan t i a l l y  on the  h e a t -  and m o s s - t r a n s fe r  c h a r a c t e r i s t i c s  u -f
t i n e -  m e- d iunm .  It is obvious that this presents definnite- require -merits f - i - c -  pre-
c i s i o n  ii  f i n d i n n g  those  p cmamet er s .  h owever , the f i n d i n g  - -i f F: = F (w ) i n n v - - i I ve s
se .r b u s  d i f f i c u l t  ies an d at va lues of w c l m sui to w - t he exper i r n m c n n t a  1 e-r r~-c r
increases s h a rp ly.  In  connec t ion  w i t h  t h a t  i t  is -~~~ i n t e r e st by m e a n s  - i - c f a
-e - l f- mn i mmd c - li ng solution ti c quantitativel y e - n c t i n t m t e  w i t h  what  p - r e - c b s i i - c n i  It is
n e c e s su r y  to  d e t e r m i n e  t h e  coeff  id e -m i t  of poten t  i i l  c o n d u c t i v i t y  in P i b - - r a t i - r y
ce - sn d it  i n n -,. F u r  t h a t  p — u r p n o s c , fe-er the above-indicated soils a c--mi 1 irisc - srn was
made cit t1 e.- r e - n , u l t s  of c a l c u l a t i o n s  - i - f the p rc m b le -nni of freezing with nn--isture
m i gr e i  t ion w i t  in con s i d e - m , m t  b - i n  f heaving at different va lue- s sef K(w). All the

time r  p aremmet ers c - f  t h e -  p m m c c e s s  if h e - m t  and  mass exchange i r e -  assumed tee  be-

const  C m  at  - - F-- cr  s Imp I Ic i t ’  the solut  iro n was made f c i m  K ( w )  ob t a ined  f rom c- -i r —
r e - s p - - n c d i n i g  cx ;  r imen i t m i  I curves of K (w) (Table- 81) by m u l t i 1 1 icat ion by a
certa in number .

l i m e -  r e - au  I t s  u - i f  s o b ut  l i - r i  i-sf such a p r o b l e m  f - c m  j K ( w) ,  j 1, 2 and S under
d i f f e r e - - n t  cond i t  ion n s  i f  f reez  b r i g  ( 1 — -0.5 and ~5

°) arc p- r c - n -e-nnted i n n  Table
81 f - - c -  i l l  t i n e -  so i l s  umide r  c e - i n s  i d e - r a t i o n .  I t  was assumed tha t w

1 
— 0.95 W

f
•
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l~~ i~ i~ 01 -:~~- u l t n - - - m  s - - i l - m b - - n - I m s i - I f — r n - i - - I c  1 1 m g  n - - h I - n u n

c m  ‘I - - - — - e

1 - n m  - - - - - - - -

- -I- ~e i ~ m -, - m c -  -

3 - m u m
-u n - , I m l - —

K ey :  A — c r -  -u ne d I — - i g n t  1-  - n u n  2 — 1 mY t c l ay  S — M e d  j n m n n n  1- - m e n

I t  f e - h ow - d i r e c t  lv  t r c - m : m  t m e- c l i t i m m c c l  re- u l t  s t i n t  I - i c -  ~~~j 1 -. i n n  w h i c h  w —

— ~ - - i5 ;~ thie - r m n q u i r e r n m e p n t s  f - m r  n e c - i s i - i m u u  - c f d e t e c n r n n n i - i m t  j on  ~~ K (~~- )  n eu m a t  l ie-
r ,u ~~~e r  h i g h. -\ t  sa nnm c t i n n -  t~~e - j n n n t i c , m t u d  c i r o n e m , m  t n n i c e  - l e -  ~ n n d s  t e -  - c cc r -
to i n d eg ree-  m O - i  the f r e e  s i n g  c -mid it 1 c m . I t n u s  , f - - c -  m m n e d i n m n n n i - - m n  e-\ ’e C C  i t  1-- v
I e mcn j e r . n n n - eis of t i - c e  um f m c e  (T — 10 ) v c ry  n~mn t u 11 c i n a n n g c s  c - f  K 

- 
(w) I e . m  2 C)

a sh e n - c c-ha m n g e  cf  t i n e -  c - n - y e  -g e -mu i~~ s tructmmr e • F r  1 i g~n t  1- - a m m n , i n c  - wcVe -r  , such a
i c t u m e  is n c  - t . u - m i  - - n i - -,’ at I not  b e - l o w  — 2  t m  — 3  , whe _ n - e apj  at  I - — 5  t h e-  d i f —

f e r e - m n c c  ( , u h s m 1u t e  ) I n c  the ~ce.- c c m n e t e u u t  cnn - -n - i i n n c r e - c - ; c  m f  K (v) by l00 /  c1-) e-~
n i - i t  ex c e e d  2/ .  \t th n e saudi - t i m e , 1 -r s i l t y  chn ’ ( w i t i m  i~ 1 - v  men- I t u r e  — r e~~~c j : n —

i ng  c5n ~ ~cc i t :, ’) a n i t  i c e - a b l e -  I i  f m - r e - n i c e  in i c - e - — s d ~~O n - - 1  I i - I m m n i : n u -  ~imc -~ a c i e - in i g e

-f K ( v )  c- sccurs  - - n m l y  Our  i n n  u : i  -a- — l  ) [ r P ~~~ A l e  m g w i t h  t e L , as  is
e - vj d e ~~~t f r i - m n  T e m l i l e -  SI , imp r e -c m - u - m s in - i  t h e  c. I c u l i t  i - i n n  if  K (w ) n j v m -  ,i 5t i l l
gr. c te n e f fe ct c n n  i n e - u v i m m g  ( i f  i t  - - c c n m r ~~ ) t i n u n  c n i  t i n e -  I C e . c- CI e a t .

I t  m n m u - t b , - : - -  1 - 0 , i n  -v \‘er , t h a t  - - v . - r - ! t h i m i g  aid a b m u v e  is V d l i C l  e c n i l y  i i :  C ase - S

W i i m  m e  f r e e z I n g  i - m m u u t  a c c m - r n r p  , u n i i e - d by I ne fcmc - nn tu t u - i n  - m t  un i-i - i m i t ~ -r 1,u - - - m . 2es
c, m l c u l m t  j oins h , u V e -  sii c w n i , if f - m r  o n l y  v a l u e -  of N (w) i n n  a c e r t , u  m u  n a u s g e  c - f  A

ann i : i t e n i u i v e n m  f -  c - m e  i - in  L i n e  n ; m m n t h u c e , I t - u i  at  C i I i  V a l u e -  - - f  K(w) = inN ~~~~~~~~ v i n e -r e
11 ba ci c - - n i  t - a n n  ‘ 1, ot i n e - c -  cc m n d b t  t o n i c ;  i i m -  l ug  e-qu 5i I an m I  ~- h l a v e  m m I s - c  1 -  -r ; ni -~.
in  L t s m t  d ens e - , in a c c u c m n i m n n c e  w i t h  s e c - t i - e n 12 of C h m i p n t e r  I , t l n e  i n c - i  e i ~~~ m . of k(y)

I c -m ids  o n l y  t m  en c m - c r c - c - a ;  - c n m d i n g  i p d ~~r e - m se Ii t i n e  m - - i i s t  or e  c e c m n t e - n n t  i - f  t h e - s a il .

A q u 5 m n t  bLO t iV e  i i  l u i - . tr , c  t i e c n n  e m f  t l n , i  t is the f r u  e - z  im ng - cf mmn e.-d lun d 1- - j nun  .m \ I) 5
m

,m nd  K ( w )  jK  (w ) , j 2 and 5 , w i n e - m i  m n - i  iee e i m n t e - r l ve n f - c - n a n .  i nn  t I n e -  su r~~ cc e .
l e t  us a m - I c -  tft~ t ti - sr t i c e -  i m n d i c s t e-d C , d - e  - t I m e  r u n c - i - t t m m - e -  Cu c l e a t  e n  t m - -  s u r f a c e

- - I t i n e  g r -  - m m n u - I  I - - 2 iu . 7 a m i d  32 • -
- c-c- sp -e.- ct b y e- l i  (at w = 2 0 /) .

Thu s t i c e  p m  C - - - ’  u t  e d  c e m b c u l , m t  i - i n s  s in ew t t u ~i t  wI c n n  ce-a v ie n g is  t a k e - m n  1 : t - -  c -m i s  i l —
e r a t 1 - ,n 1 ,  , m s e - b f — m n i - md c - b i m g  s o l u t l n m n  t i m ’ -  1 , m t t c  1 ; - c m m m m i t s  h i v e - n t ig a t i r n g  t i - c e -  m m -  —

ccss of ic - - c - n b c m g  - - 1  l i n d e - I l/  d i- ; c -c - se -e l  s e m I  Is c m n m d e - m - an y  c - m m m d i t  i - - e n s  of I c - c e :  Lug.

A~ i - c  s~m n n d , I m i n e - t h e -  i- e - n - u l t s  i - f  U c - I c  c , m l c ~i l , m t i c - n i s  c - - n n v i m n c i n n g l v  o t i  irmmi t t e -  n e-cd
~- - - i d U ç t  m - X t m - n u - ~~i v i -  c x ~ - n - I T i i c - n i l i t  w m c r k  I -  I c  I e - n - n n dim m c t h i e -  c - c i  f i c i e n i t s  of

-~ 4 d



I i  n t i ~i l  c o : u m l n le n t i c i l y  w i t h  m i f f  id e - m t ly  h i g i m  1-r ~~c i s i - - n m . I t  t i  comp le- X it y
u f  ~ ‘lc n e X ;  c - r i m c - n t s  is  t i k e - ~m j u t c i  c c c n m n i d e - m a u t  i - - n m , s c i f — m i - c l e - l i n g  s e e l u t i - -:n  can
b e  su c c e - - ; a f u l l v  t i e-d t o  i b m -  tnn c -num .

S e - s l u t  i f t i -  : mn h I c - n n  cf t i n  I h e w i n g  - cf C - c u r  e ly  Di - p c-m e d  Rock s  n., it h
Con s I d e - c - ,  t i - - m n  c t  t he Inf I lt r a t  i- -sn - i f  Summuner I r e - c  I ; i t  at P mm ~ (by  D i g  it -- 1

C-- c nnj m n t  e r )

n i n m e  u f  t b , -  u r g e - n i t  p r - - b l e - n n n s  of m e - u t  and  nun - n - e x c u _ m m m g e  inn soils i - s t u d y  c - f  th e -
n i - m imic s c - f  t h a w i n g  w i t h  C - O n e ,  j d e - c - , c  t b - - n i  c m f  co,lve-c t ive- C u m i t  L r m n i a i c - c -  in  t i me-
t h a w e d • I he - - P i t  I uen n c e  of f i I t r at  j - - n m u I f l - - a - n is e-xp ~ enss ed  e - -a c c l i i i;
st r  ag l y  -- i n n  t e e  r a t e  of t h a w i n g - 1  ve n ll _ h - r u n n e m b h e  c -- rae 1-, di i - r e-cl c - m u C k , .

r c e - r t c i i i  c o n di t  i ons t h e  i n n f i l t r u t  i - - n c  e m f  unun en r p n- e-c i ; b t a t i u - n s  can hlay
a dc-c is b y e -  c - - d c- i n n  t i n e -  d y n a n n n l c s  t i L u w i  n~-, • ihia t f a c t , in l a r t  i c - n m  b r  -~
w i del y used i n - i  t I n -  i -ac t  b c u  of v c m r k i n g  c f  p l i ce  r dc- n os i t s  and  the  c o n s t r u c t  j on
of indu-~t r i i i  and  c i v i l. c - i n j e c t  ~ c - n i  t h e  t e - rr  i t - c r y  of Sibe-r Ia and t h e  Extreme-
h - - r t h  and  in c - t h e  c a t  - - I T  t h e  USSR .

h e n c - c  a r -  a n um h ue- r of op , r m - c x i m o t e -  so lu t  i - c nn : - ; of t i e -  p r u e b l e m  unde r  cu - in s i d e - r e n t  Ion
v,m i c - I ;  rr~i ke  it  possible - t- - f ind t i n e -  max j m~m 1 v , u l u e  if t - e- th tin m f  t h a w i n g  of
soil Our ing give - n - i course s of t h e  a i r  temp cc- a  ture-  and quant It ie.-s rif inf iltrat-
lug p me -c i p b L a t  I - - i n s  ( s ec t i on  n- , C hu i p t en r  5 ).  I t  i- c a siuc -rtcoming - - I T  such s o l u —

t i m -m n - , tha t in t h e m  the  r - - c e s s  - f  t n t  I l t r u t  ion i s  1 i n c - c r  ized and i n - i  essenc e
is conside -red l n d e ~p m-mn de n t l y of lie-a t exchange-, as a r e n a u l t  of w h i c h  t h e  p r b -
1cm is solved by su c-fl - i n  it ion . At the- same time , such an u p  p r i - c a c h , w i t h  a l l
i t s  s i n r r l l i c i t y ,  can be successful ly  applied f- - c r  p r e l im in a r y  e s t i m a t e s  in a
t r - c - ,t su rvey ,  l i-m e i n f l u e n c e -  of i n f i l t r a t i c - cr - i on the -  course of t h a w i n g  was
a lso i n v e s t i g a t e d  by C. Z. P~n c - l  ‘si - ct c- in ( 19 1 - 0 )  and  V . T . Benbo b a - iev  (1964).

S in c e  a t m - i s p  be er  Ic p - r e - c ip it at  b u m s a r e -  m i t  e mn n i t t c n t , a r e g i - u m n  c - f  sc-eip e m g e  w i t h
m o b i l e n  b o u n d a r i e s pc -c - i c- i d  ica l ly  f m - m is i n i d  d i - i p . p c u r s  in a t hawed  la y e r.  For
c o n v e n i e n c e  i t  Is assumed tha t im - i t h e  ground r i - m t  more than  u c f l e  r eg ion  of se-en
ag e- -  can s inr ~a l t m n n e  o u s l y  e x ist  in t h e -  ground , t h u i t  is , t h e . - m m -  x l  r , m in  s t a r t s  ~i f —

t e c -  t he  p r e c e d i n g  re -c l ; i ten t i c - n u n ;  m ove been “abso rbed”  by a w a t e r - b e a r i n g  h eer i-
i u m c - u , If t 1-ie- considerable- r i t e - - c l  see~~ m g e  is t c k e - m u  i n t o  cons i d e - r a t i on , t h a t
assump t 1 - m u  In  t h e -  p - r u b l e - n m  - i f  t h u w i n g  c - f  s o i l s  In the regi c -sn  In - i ~~ Ich
f r o z e n  r c c c k - , ,m r e  p - m e - v a  be - m i t  is n at u r m 1 • F luctu a t ions cf thn c level  of ground
waters are determined by the ratio of lnf  i l t r a t  i c - m m , m  I fe - e d and e x c e s s i v e  “ lat-
e-c-a l ” r u n o f f , w h i c h  Is g iven as a t m m n c t  1 - c n n  cf  t ime.  Ge p l c -c - u b l y a c cep  ted c m S a u f l i p  —

t i n s  have a Iso bee -n made t i m u t  t h e  t e m p  e - r ; i t u m  - ci ti-ic i n f  i l tn r a t  ing water  end
i - f  t he  s k e l e t - c m i  of the  groun d are e - o u m  1 and tha t  the  p - r e - c i p  it. i t  i a n - i s  s t a r t  to
f a l l  a f t e r  ti -i t t h awing  has re a c h e d  a cer t a in f i n it e  de 1uth .  In i d d i t  i - m n , f -- i c-
simp licity the- cap n ill ary rim Is rep-laced by a 1my e r of w ut e - r - s a t u r a t e d  s o i l
w i t h  a t h i c k ne s s  Ii , e - q u i v m l e n n t  j r - i  t he  quant  i t  m~ - - f  w~ t c-c - . W i t h  dons Ide rat  ic - in
c c l  w i t  was said above , the n c l u e - n u n t  - c m f  t i m e -  d I st  r ibu t ion c - c f  m o i s t u r e  b y depth
i n n the  t i i , e ~~~ d zone will assume the form -d en ; icted on F I g i r e  159.

A mruthema t ica 1 formu 1m m t im  and ,m Igor i t h m  f o r  t I n e  numer i ca l In t eg ra  t I c - n - i  of a
s i n g le - f r o n t  1 m u i b l e m  of thawing with -i consideration i-sf infiltration u;nu -in the
Indicated a - ; s n l n n u ;  t i - - m i s  fm-sr an arbItrary number - - c i  ra ins In a suniner p e r i o d
(r ~ -E - t ) were p -r e s e n t e d  In the work cf  V . G. Me -l amed  md C . 1. Pcrb ’-o sum
~h teyn , 1971). Icc e s t ima t e- t he  I n f l u e n ce  u e f  In! I l t r , n t  i - - n i  on i the  dynamics c - i f
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F i g u r e  I ~~~~~ Schema t it  d ia ~’r u nr u - f  the  F i gu r e  lbO . D y n n - - c m i c s  -f t h a w i n g  in
d i s t r i b u t i o n  -f nnc - b a tn n  - - by d e -~ t in i n n  t ime  under  d i f f e r e n t  c o n d i t i - c n m s  cf
t h e -  n r c  s - - n -ce cf a Se-c ; age  z~~ne- . inf iliration (cx: 1 c n m t  i - - n n s  m u  t e x t ).

a -- C , 1000 i n c - s
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(see F i g u m c  159) m i m e  t i e ~ up  p e-r a n d  lc ia~ c- 1- -we -b ar -

len s of the s e e - p a g e -  z m n i e -  i n - i d  the -  t i m e  u - i f  s t a r t  m {  f a l l  - c l i  t t m e -  p - t i c  p e r t  i - - n  - f

the re - c  I n - i t o t  ions  r e - s e  in-ct ly e - b y  (k I ) , p~ (-r ) is tm - i c  u n p cc -  b m c u n d - m r i  IT

w a t e - r - s , e t u r m i t e d  l a y e r , am --id K
f 

is the -  f i l t r a t  i -n i  c c - e f f i c i e n t

l ine number - - f  nc-ida I p - c c t n t s  was assumed t i  be 101) ( th e  st -a in dc-p tin a s  - . 1
m). Ih e  s te -p  In t i m e  h was 5 b u - m u r s  in the  p m e s e -n c e  of a ,~- m n u e - m f  s- -c ag e  a n d

20 n -  -um - w i t h -  -U t  i t .

L o  c l a r i fy  the  q u a n t i t a t i v e  i m i f l u e n n e e  of t i m e  l e m n g t l  --: r~ c i p itat lon s a-nd
a sp e c t s  ci f t h e i r  f a l l  i- c m the t crn m- er a t u r e  reg imcn and  r c t e  c u t  t h , c w i n c g ,  the - 1-
l ow i n g  v a r i an t s  w e - r e  e x a m i n e d :

I )  a l l  n - r e - c  i p i tat i on s , cu - imi cen t r a t ed  in t h e - -  f irm ct a sing t~ r n ic-i last inc 51)
h - cu r s and w i t h  th e -  i n t e n s i t y  W 0.004 m/ hr , f a l l  I n n t~~u e  i r  ,t h a l t  -~
sum m er p e -r i o d  

~~ I 1000 h m - i u r s~~

2 )  the same r~e in falls in t h e  second half mu f the summer 
~~~ 

j c ) u )  ur );

3) t i n e - same thing occurs at t i c  em-id - - I  the  t h a w i m n g  (t~ i~ 0o h u m s ) ;

4) th~ s t a r t  u - c f  the [all -cf p-red : itut infis 
~ l 

1e-~)t) h - cu r- -;, i t  leng th  Is
1000 h o u rs  and its intensity 

~ l 
n ) .O0)Li  r n / b r ;

~~~ = 1200 hour s , the  1 e m m i n ~
t ) m is 2000 hours  and 

1 
= -1 .000 1 mn/ h r ;

6) the  rec i p i t a t i o n s  f a l l  in - i  the second i~ c 1f  of t h e -  sunimne-r (Tj  2800 h - -u r s )
in ti-m e form c - f five rains lasting 10 n - u ur s each a r-id h a v i n g  ti p e - tnt e- m :m ity of
O~~~ m l4 m/hr  each ; t he  j u t e - c - v o l between the ma i n m n  is 250 h - c u r s  and th e -  cu-inc lu-
si on of t I m e -  l u s t  r a i n - i  is 3810 hour s *.

T h u n e  t he -  sum mc f  t h e  sunnier a tmosp  h e -n c prec i n  i tatici :n - is  i n v u r  i u b l e  in all
t ine -  v a r i a n t s  and is 200 nun . F - i c r  c ommn p m a r i s on , ~m s e - v c - n n t h  v~m r i a m n t  wa s a l s o  ca l-
c u lat e d  in th e-  absence-  of i n n f i l t m m i t l c m n m . I n  t h i t  case- i t  was ,m ssum e d t !~~u t  t I n e

w at e r - b e a r i n g  hoc - I i c c m m  was nb ~~un - : i t  
~

k (  ~ )

Th e  c a l c u l a t i - - e m s  were nude - w i t h  a I IE SM-4 c -- n fl ;  u t em r m t  t he  MSI C u e  u P  c-c - Ce- 1.~~~~•
1 hen r e s u l t s  - - f  t I n e -  c .n lcuiat  i - - m i s  of the d y nam i c s  of t In e  i c ; t i n  c f  th,nwi ug in n
t i m e  inn t he  c i t e d  seven  cases  ar e  p r e s en i t e d  cia F i g u re  160 , u e m n  w h i c h t h e  ca r v e -

m u m n m h e r n  C m m r c - e~~:m u fld to then v a r i a n t s .  As f o l  luc ws f r o m  i t s  cons i d e - r a t  i - c n n , t h e-
r e l a t i v e l y  -- nlk u 11 i n f I l t r a t i o n  assumed in the  Ca icu lat  Ions h is  a s u l m s t m n t  l i l l y
d i f f e n r e  n u t  i n f l uen c e  on the  course  u -cf thawing , dapemiding i-in -i the conditions -- 1
the -r e - c  i p It et  i - - n m . Thu s, p- re-C I ; I t ; n t i - m ~i Ic-i the-  f o r m  - - i f  a s ing le -  b r ief  r u i n
(cuc-ve a 1 — 3 )  l e e d s  t i c  in - m c r e a s e - c-ct the dep t h  c f  seasona l t h aw i n g  in compar b s c m f l

w i t h  t h e  ca - - c w l t h u c u t  I n f i l t r a t i u u m n  (curve 7) by 10 , T 6 and 16 cm r e -n ; ; c-ct i ve ly .
i n  tha t case -, in the -  f i r , t  Ca se (in f  iltra t i on ic-n t he  f ir s t  h a l f  of the  sunn mn er) ,

~ I n n  t i m e -  t l - u u r t h  end f i f t h  v i m  i a int s  the -  l e m n n g  c-a ins fcn 11 ir ~ t i m e  p e-r iod cf h i g h —
e~ L numlmfler t empera tu re -s .
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j n ine - d j aL- ~1’, a l t r  t n ’  c - e c i ;- i t a t  i c .i f a l l s  t h en  dc-p tin of t i u a ~~ i m n g  i p m c r c i s e  - - by
a t i l l - S t  2i) pm as  c- - cn n a c - e d  w i t h  the- C Sse .n- w i t h -u t  m t  i l t r m n t i - - c - i , but  by t h e -  c - m m d

-- IT  t h e -  n - iu. nnnm c- c c -  iod the  d i f f e r e n c e -  inn  d e 1t b n - - - f t i m a w i n n g  d c - c c - e m  ses. A somc~
wha t g r e m t e r  e f f e c t  is a c h i e v e d  d u r in g  b r i e - I  i n f i l t r a t i o n  in the -  second t ie~~bf
- i - f  t i m e s u n - m m n e r , r a c t i c n i l l y  m u t e  e - n n d e - n - i t  ly  of th e p re cm it u t i -- rn co~ dI t i- i u u
( c u r v e - - i  2 m n - i d  6) .  I t  nnust l ie-  i c - t e d  t h , u t  t tm n m -  f o l l i m n g  u f  re -c i p i t a t i  ~, - e V e - t i
i t  th e- e’td c-f t i n e  t l m a s - i m i g  ( c u r v e  3), i c - m u d s  t - a g r e - u t  c r increase of ti m e dc- n  t .

c e f  t i u a w i m n g  tha n i n f i l t r a t i o n n  in t i n e n  f i r s t  h a l f  - - I T  t h e  summmn nr at a h igh er  - u ir
t e~~l e l - i  t -~mre

AP in g w i t h  t h i n - i c- t i n e  l e n g t h y  ; c-cc ii i L i t  i - - n  w i t h  a low I n t e n s i t y  (va r  i n - i t s  4 am i d
5) g i V e  a c m - ; m s i d e n r u b l e  i m n c r e m n s e  of d e e  t i n  of t h aw i n g  -— by 4 1 and 60 cm me - s p  cc-
t ive  1” . i n n  t i n _ u t  case  i t  Is e s s e m it  i~ u 1 t i m~mt in t h e- l i t t e r  CO n - i C s  tine t cnn; e r ; i t p m r
O i i  t 1n e  I e c -~ c t  t ine - i u ’e-r i f  e m s c c a i l  t h a w i n g (c - - c - r e s p u u m i d i n n g  t i e  t h e  c a s e -  w i t h -
- - u t  i n f i l t r a t i o n)  n n m c r e - u s c  s cons id e r a b l y  by the -  e n u c i  u - i f  t i - me  sumn mner e r i m - c d  ad
r e aches  0.87 0nd l . l : - i u  re-sn e ct i v e l y,  whe me Sen , f o r  ex n m m p le , in t t m ne  f i r m e r  case
t In t ic-md j C c t e m i  t e n c n ;  - r m t u n - e- m i - c e - - n n u - t  exceed O. i3

1 nw- e-l n e - f l  t in - sum - -I the  sunnuner r e c  in i t a t io n s  is i m - i v o c - i b - l e  t h e  cc - i rid j t  i e m u m -

cc i t m n e ir f a l l  l a y  ,~n inn s - -r t u f l t  r -  - I c -  f r c m n i  t inu e pc- i m t  - -f V i e w  of a w i  m i n i n g  in-
f l ue n c e  m i n i  t 1 n e  s e - u S e - n a  1 ly  th a w e d lay e r .  U n d e r  c er t i  i n n  c e - cn d i t  ions  ( i n :  p a r t  icu —
l am , a’ n e  mm t m n u  p c -cc  in l t c  t i - - c n n  occur in sh ir t  p e n  c - i c - cd - S  and  e n - n  en-c Ia 11’’ m t  the--

s ta r t  -- i f  t ine-  summer C e r l o d ) in -i c u s i r s e n l y  di s ;  ersed so i l s  t h e  ic-if i l t r a t i c c n in is
l i t t l e  p c -ac t  IC c I influe nce- u- n - i either the-  d e n  t i n  of t h a w i n g  m r  t he  t e - n n m p  t - r c t u r e

c-c g in nn e . B y the s m r n u e n t c - l-n~ i i , im i t he  m d  1 c m  t e n !  C e  ~es tin e- U s e  m i f gu. ne-ra I by a c —
cc ;  ted m e - t i c - - i - - of s o l v in g  t i m e  S te f a n  r c c b l e - - r n  fo r  co l c U l u t  i n - i n - i s  of the seasona l
thawing In cc -n fl: l e - t e  ly  j u s t i f i e d . In tui e same- cases , w h e m n  t h e -  p re -c l ; i t m i t  Ions
a r e  le m i g t h y ,  d i s re g ;n r d  -if  iaf  i l t r a t  ion leads to a cons i d e - r u b l e  t i n n i e r  n~ - - t enment
c - -if the den ; t i n  of t h a w i n g  - m d  the  e v e - r a g e -  a n n u a l  t e mp e r i t u r e  of t i - c e -  gr o u n d .

5. E x u n m ~ - l e n s  cc! t ine - -  So lu t  i - - i n n  of ~ r -  in l e n m n n n  c - f  F ros t  m e - n b  i c t  j o n  In Con m - i ec t i - - n m
W i t h  t i n e  C o n s t r u c t i o n  m t S t r u c t u r e s  of \-i a r i c c c l  T~~p c-s (- n i an A r c s  log Cc-cmni 1 u ter )

The s l u t  i c - m u  of t i n  p - n i m b l e - r n  nf f r - - n - i t  i r e - d i c t i o n  in coanec t j ol-i w i t h  t h e  enConmc m fln j c
-- p e- m m i n u g  cc: of t e r r i t u i m e ., c - f t c - n b e a d s  to a need to i n v e s t i g a t e -  a m u l t i d i m e n s i - - i n a l
am - id m u l t  i t  c- c t  r ide-rn  of t h e  St e - i  an  t yp e- in reg i- - i n s  of - i  c - c n n n ;  lex t ylue . l i-i’m I —
c e l e Lnmrn n 1 c n n -  c - f  p r c- ibl em n i . c - i f  tha t k i n i d  ar e  t in e- qu n - St  ionns  , c e m l s  i-i ~re -d b c , b c cw ,
of ca l cul m t  i - - c m  of t hu. has in - c i  t e au w i n g  unde r  bu i  I d i m i g s  e r e C t e d  in a reg ion
in which r c n n t u f r m - n - t  i i  r c va le n t , iur -olcs  - - IT  t h m m w i n g  and fr ee i~ing arc - iun i d
b u r i e d  g c -  e n d  pe t r o l e u m  p i p e l i n e s , e t c  , a m- id a Iso Inn finding time- cc -m n f i g u r n t  ion
ci t i n e  i) - u n i d m i r  i c - S  c - f  f r o -~t un - ide - c -  n at u r i 1 c o n d i t i o n- is in regions  w i t h  c c - m nun p lex
relief. It i n  o b v i u - u s  t i n a t  th e-- im i vest l g a ti u - im n of q m n e - s t i - c a s  of thin tym e in
ge-lie -r i 1 p r e - . c n n i t s  c m - m i s  i d e - r u b l e  d i f f  i c u l t  i c - s  am - id is p~u-c sS i b l e -  e c n n l y  w i t h  t Ic- use
of c o m p u t e - c - n m.

In t u e  - c r r n r i l ; e t  i - - n m  - i - f  - .uc i n  ; r u c b l e - n n i s  the que s t  ion a r i s e- s  f i r s t  of th c -  se l e c t  ion
of a c e  l c u h m t i n g  r - - c c - d u r e - , in par ticular -- Ii designa t ing the- ir e- i c - f  Inve t I —
gri t ion , t n  b - m n s i c r y  c o n d i t i o n s, e t c .  Of course , t b - m a e -  quest  i - - i c - ms fl l t icm t  be
solved s~ in C 101 l y  in e-~u c i u c on c ret e  case . However , as p - r a ct  icc i m ca Icu lot  ing
m u l t  Id i m n O - n u - , I on - io  1 S t e - I  ~~ p - r u b l e-ms t n , m s  shown , t h e - r e - i  m i r e -  s c - i z r i e- a d e q u a t e  c on d I t i o n _ i
wh ich - r m n m i t  -, i n n r i l i t y i n g  t h e -  cmi i c ula t  log pr oc e d u r e . In  ; - n r t i c e i l a r , i f  t he

_ 4  4 in
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-mi rc e-  m m l i  d 1st uc- L u n c e  if t i -c e t e  nip c -c - n i  t uc - e -  IT l e n  ld ni p p c  m mms in t b me p l an e of a
r~e c t n n g l c  w i t h  a r~i t  in  - u t  t h e  s ide- s  of n - ic - mt bes s  t h an  3:1 , t I m e - n m  t ’ m c  hea t f l u xe s
a 1 ag  t I n e  buil d ing arc- neg ligibly siTu 11 (e xe -m n ; t tim e en n ui _ i, t h e-- i n f l u e n ce -  of
w e i c i i s  sm- i l l )  in  c c m m  n r i  - - - i  s i t u  t i m e  u-~e - u t f l u x - - ~ in - i  t r a m - i a v e - r e ; c  d i r e c t i - - .
l i n t  s i t u , m t i o n  i -  s i m i l a r  w i t h  c y l  indr  ic. m 1 sr cu fc2s  c c f  d i s t u r ba n c e -  of c c n  i d e r —

m i l e  -x t  - - t , etC . ~ I n u t  h a s  be -es  s a i d  ibove  is - - I T  gre-a t in n , c c r t a m c c , as w i n e - n
1 -  n c  c- - psi i t  ~ e 

~ S n c - c  f u l f i l l e d  t i - c e -  c - c u b  I c  m um c o m m  he reduced to  a t w -  - — d i m l .n n —~ ion —
al - - i c  , win I C 1m c - - i n n s  iui~ -c - ubl y s innp- l ifies tiun Calculatio n-is . In a d dj t  i - i -in , in  a
c - - ms  i d e r a b b e  number of Case-s  t he  te  me era  t u r e  f i e l d  in t i - i  i u ~i s e  of a s t r u c t u r e
i n , u s  s ’ r n c r n n e  t ~ m u  g i v e n direct i -- ni . I m d c  t h u - s e  c o n d i t i , c n n n  t he-  ar e a  c f  I m v e s—
t igat i--n  can he- reduced  by ha if , wh ich Is imrn o r tan t  f r o m  the -  p o i n t  of v i e w  of
i n i c r e  c s  in ig  t l m -  r i o  is i - c n n  - - IT cmi l c u l :m t  i - i _ c s  • In  tha t c i s c  on L i e  a x i s  of sym—

n n e t r v  e - - - n n d i t  ions  - - IT i s - - i 1 n t l o . - i  cam be g iven , tha t Is , e q u a l i t y  - i f  L b n e  f l u x  t -  -

7 c r  • On i c e -  bounding -u r f u c e  ( f a r  ic - c e -ni sources  of d i s t u r b u m i c e  ), d em end  ing
on t h e -  ty ;  mn of r i m  1cm e i t h e r  th e -  c h a ra c t e -r i s t i c  g round  term e -r a tu r e  ( w i t h  c--a-
s i d e - r o t h - n m  of t I n e -  t emp  e r n t u r e  s h i f t )  or tim e geo therma l g m n u d i e n t  - - r  t i n e -  condi-
t i - - e s  c - f  i s o lat  i - - n m  m i r e  g i ve - r i . A s an  i l l u s t r i t i on i  we w i l l  c - x - m r n i n i e  t h e  s o l u t  ion
- f s e-ne- r--idenm ~ c f  f - i r e - c a s t  ing t ’T ica 1 of geoc ryob ogy  in c cc n - in ec t ion w i t h  t h e
c!i~in g e c u t  f r e c - ~t ce-ad it i - u ~ u s .

1. S cc l u t  loin of t h e  P r o b l e m  c - l i  t he -  D y n a m i c s  of the T h a w i n g  B a s i n  In the-

F - - un - l o t i o n  of B u i l d i n g s  E r ec t e d  on P e r m a f r m z e n  S o i l s

~‘ e  n - i  11 cnxa m n n i n m , . t h e -  so lu t i - - m i  - - t  a p r - - i u m l e m  of t h e  forma t m u m  - i f  m m t h aw i n g  h a s  ic -n
u . m ; n d e r  a b u i l d i n g 32 r u n e - i c c - s  bong by 8 m e t e r s  w i d e -  in  t he  reg i u u m m  of ‘Lmkutsk .
It  i s  assumed t h a t  t i n s  t e r n :  c r at u re  in the- b u i l d i n g  is c o n s t : u n m t  dur  ing  t h e  T ’ e - m c -
m i m i  _ -~ tm:i  I to 12 C , the t h e r m - n i  r e — n  i n L u m i c n - - c f  t i - m e -  field is 0.42 in h i - iu r — d e g r e e /
k cmu I , the  ground t e - mu r  c.ro ture-  at t h e  de~ th  of 7 c r - i c  anniun 1 mim I 1 i t udes  is 4 q50 ,
and the initia l (15 An r i l )  t e mm n : e-r m t u r e  d i s t r i b u t i o n  by dep th f - - m r  t h e  e n t i r e
re g i o n  -f i nvest  iga t ic - cr - i was t n - i k e - m i  on the  b a s i s  - - i f  weather  d . i t o  f - - c r  15 October .
l 1 c  t l c e r n m c c - c  ‘ m y s  i c a l  c h , i r a c t cr  Ist ics of ti-m e- g ro u n d  ( s i l t y  l i -cam) a r c -  p~r e s e n t e d
i n  t a b l e  82. T } ic-  p r u  1cm is so b v e - d  as tw- c — d  i l m i e - l n n  i m m u m i  1 (in t h e  l a n e - p c  r; cmi —
d i c u l u c -  - t in e- long it u d  j r -a u  1 aXis of t h e -  b u i  l d i n n g ) , w i t h C - - i n n s  I d e -r at  inn  c - i f  sym-
n ’cct r , ’. A r ec tan g le  w i t  - a  c r - c - s n - — s e c t i u m n m  29 x 37 m~ In size is L u k e - m i  as the-

ac - e u o f i n i v e - t i g n ti o n .

- -
~~ F i gure 161. S u b d i v i s i - - . n of the

- i c - e , i  - i f i n c - c e -  - - t iga t i c - en  i n t o b locks
- 

i n c  t i n e  p r - - c b l e r n  of a t h a w i n g  b a s i n
- - uc - id er  s t r u c t u r e-s .

is -

‘ V— -
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:e v :  A — Cc : . c r . u c t e r i s t l c  B — S v n n n l c - - 1  C — h u n n - - r i c n l v a l n e -  I) — D i n ~e n —
s I - - c n n .  1 — Sp e c i f i c  gr u c - i t - .’ of cjn e l u  t e a  f n e  c - r - - u m n d  ~ — kg/ rn

— u l i t u m r  c m - m U e - n n t  of soil as 7, -- IT w cn i in h~ c - f  - k e - I - - u  -ia
3 — F r ee z i n g  te - mm n . e -rat umn e of t in e - soil . — Ice- c - - i n t e n t  - - I T  t c c  so i l
5 — L~i t e c d  m i t  of f u s i i - ; u i -- f  i C e -  - n m  un -n i t  - - I T  v o l m m ~n - - f t n - c s - i l
b — k c a l / m - m 1 6 - V o l i ~n ne 1 c e  i t  c a n  u c i t y  - - ii t I L i u m n d  s - - i l  c k c a l !
(m ) ( u l e g r c n e -  7 — T i m e -  sa nmlcc u - i f  f r o z e n  s e c i l  8 — C o e f f  Ic  i c - cu t - -i f  the -m u I
cu- induc t  iv i t . ’ c - f  t -  - wed tm-mec ii ~ — T h e  -sines .- m f f r  onen ccc i  d — kca 1/
( m ) ( d e gr e - e  ) ( h r )  10 — C - m e  f f i c i c  u t  - -f l ie - a t t n r - i~~~1e -r  f r - - ’ n m t i n t  u r n  m c c

c- - kc-  - 1 / ( ru n - 1 ) ( u l c g r m  - - ) (hr)

p res - nt 1 soluti m a u - f  t e e -  i n i d i c m t e d  n m - - a l e - n m  l u t c i m n e d  on t h y d r i - n l i c  i n t e  —

g r a t -i: -f V~ S.  I i i k ’ , m n m - - ’~~~. The n h i v i s i m - c m u  of t I m e  r e g i m m m n  ~- i I T  I f lVen ~~t i gat  i - i n n  i n to
b locks  is r e - s e - n n t i  d on Fig -nr c  161 • l i n e  n- m Ca l e n -  r at  i n — n  b e n t  s - c-cnn t i c e  t h e r mi  1 s y s —
t n - i  rim and  i t - , h - , dc -au  1 ic mode -i  a - I c - :  t e d  i n  I m u  ca icu lot  i - - m s  a m ,  n i e  - - n t ~d in T m m b l e
83.

f a b l e -  83 Scale  c - m t  ios b e t w e en - i  t he  m m m c i  I s y s tem  and  i t s  i uy d r a u  1 Ic m o d e - I  m d - -n ted
in c.i I c ul at  i - u r n s
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~i I 1

5 ~i - - e ~- ~~
- - - - m  -ç - - c c c  cj s .  •-i ) i-i - - - - C - - - — -

F e y :  A — S c i l e -  B — I n n  j n u v e - t ig i t  c-cl i_ inm - - m n u te l p r c u c e - s s  C — in m m ,r c l m u u n l l c
1 m cu c e s s  m e- ; m - -inc imig it I — lie ight -sca len a — I e mun c - c - i t  u re — — 1°C
1) h ea d -- 1 cnn 2 — R e -~~l~~t .u~ u ci s c a l e  b - Therma l r e -  i - s t m u c e  —-
1 (de-gre -e ) ( hm ) / k c a l 2 )  ii y dr~i u i  i c r e - s i e s t cn c e  —— 3 .34 ‘n i n / c m i m - 3 —

C m m ; u u m c i t y  s ca l e  c - Thcc-rnnie b c . i p - m i c  i t  y C - - 100 kco I/degree ( C o n t i n u e d )

~uA se- m I n t  i - m u m  - - I T  t h u  i s  pr o b l e m  wmi :-n  u i c - : c r  It ied In n u l e - t a  ii  by 1. D . Gol ovk c - c  (I~~ H n )
On the  method i t  hydrm m ub ic mi m i l u g  i i  a n e - - c -  t h e  wc rk of V . S. Luk ‘y annv  and ~l .
I). ( , e e i o v k o  (1957). 450



T a b l e  83 h e - v  (Con t inued )

3) }I y d r ou b  Ic c~i ; -i c it v ( c r - e s_ i  — s ct j O f l m I a r e  .i cf  Vt  s a c - I )  — —  l b . 312 cn n ~
- l ime s c c l m .n d - l im e- -- 1 yea r 4)  l ime -- 91._i6 minutes

5 — Scale u - f qu~e n -mt i t - i  of w a t e r  ci — u m m . c n t  it y c c ~ n e - a t  —— 1000 I-cca I
5) l u u m m t i t v  of w m l t -  r —— 3.125 cc
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Figu re  162 . D i a g r am  u f  zero isol ic-i c-s F igu re  163 . Dynam ics of c’ n n l n g e -  of
during -i  y e - a r  in p e-c-iodic ally e--s t_ ib- a t h a w i n g  b a s i n n  in - i the -  course of
I ishe-d rc--g i mm n e • a - D i s t a n c e -  f r - - u n  su r —  e - c p e-r at  ion, a - D i s t a n c e -  fr i - inn sur-
f i ce , m face , m h - L I m i t i n g  e u t l In e

As a r e s u l t  - - I T  s - - i b u t  i - . m of t ’- c e forumm iu Lite--i p r m u b l e m  on F ig u r e-  162 m i r e -  p - r e e s e - m i t e - i
d iagrun ms of t h e -  zer o  i - o l  Ines in the  course  of a year dur imng  - m em iodica 1 ly
e - n .t a l i l  Ished  therma l reg ime  inn the  founda  t i c - in  of a building. In that case it
is m iec e- -; m m j t o  s I r e - a  - t h n t , as was t m - i  be exp ec ted , change  u - f  t h e  tempera ture
it t ne n surface- - c i  t i - i c  ground near  t i m e -  b u i l d i n g  has p cra ct ico I ly m mcc e f f e c t  on

t i n e -  c m - n t - c u r  - - IT t e e  t i i i w i m n g  I_ es  in un der  i t s  c e -n t rm n  I pa r t , in -i contrast with the
en ds .  P r e - , c m u t c - d  cnn  F i gu re  l n 3  u m e -  t h e -  d y n a m i c s  c- i f  change of the  t h a w i n g  ba s in
1 m m  the c u r  Sc;  u - f t ime- u~ t i - tI-ic limit 1mg s ta t e -, m cb t - i  m e d  u n d e r  aver aged con-
d i t  i - - c i a  cern t he  -, u r f m i c c -  of the grou m-id. As I e v i dn mt  f r o m  c o n s i i i e - r m n t ion u- i f  i t ,
1 1 c- f -m mm i mt i -- mu - c t  t he  b m s i n  occurs r a t h eu r  r ap i d l y  -- m m Iremmdy after 5 years its
de-j  t i n  am i c u n t s  to i b m - n i t  85% - c i  t h e  l i m i t  i . m g ,  and a f t  e-r 10 years reaches 95%e

m~1 c on S  iderable p r m c t  i c il  i n m t t n r c s t  I n n  s tu-Jy c - IT the dependence c - i f  the  thawing
bj s In n on t i u c i  n W r f e c e -  cond It i c m n i s  n e - n e r  tl c- b u i l d i n g . To i I lustr it this , on
Figur e ~c 4 I r e  p -r e s e n t e d  t i n e  r e — n i t -  of en icu lot Ic - en - is  of t i - m e -  b u i i d  inig cons id-
e-red a I ~ y e . , when ec U bo th  s ides c - I the- build in ig thc-rc- Is ant ide-nt Icni I snow
,iccurai bat ion ( i n  t h a t  case synmun etry Is preserved in t ransve r se  d i r ec t  tor i) .
I ~e e  :, nm m w accinmu sit Ion is taken into consideration b y p- r ic p cuc r t tona l variation
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- - t  I - n e -  t i n i c k n i ~ - c — - c- if t he  n a t u r a l sne w c m - ; c r  by k t m i me : 0 S h m e w ; i  m e -  F i g - n r c ;  l c u~.

~ n -  t i n e  - - m t  l i r i ~ - - I T  t h e  t h e -wing  l c ~m s  in n in  ti - m e- f i r~n, t t in - - - y e - m r s  c - f  - - n  .- r - - t  i - - m u  of
t i n e -  b u i l d I n u ~ c - l u t e  m m c c i  a c-m a re- -m olt, A s f o l l - c w s  f r - - n u n  e - x c m m i n m i t  i - - e n  of it , t1 n~

p c - c - s e  m i c e -  of s n i w  Jr j f t s  n u e - u r  t i n e  b u i l d i n g  - b u m  r; by in i f luencc - the - - - m l  1 in c  - -1
the t h aw i n g  ha s i n , t im i s b e i n g  r e - f  1e--ct e-d both in e x n ~ m l t m -; i - c n n  c - i l the has  in c m i i
in  lu C r e - a  se (true, to - e l esser  d e g r e e -  an - id  w i t :  e c c  m n n m e -  ;l~ l ay )  of its ci. ; I -

F i g u r e  164. O n t I  j m m c - - , of the t 
- w i n g

- 
l)15 in -i ~f I c  r 1 ( cu rve-  I )  and  2 (curve

- - 

l u
-

A 
2 )  ‘/ e- m r s  - - U  o e c c- l i o n :  3 — i c n s u l a ’c ic-i n

-c e-_ -
~~~~~~~‘ ‘ - -: in b u i l d i n g ; n+ _ c , c n - .

- 
- i nsu  l i t  i - c n n  c f  t i m e -  f i e l d . a — D i  - t e n c e

- fri-cm the- ~mi r fm ce - , m
— - -:
- — r- ‘/

/1- - I .
-

-

T hus  t he  n i t - c t i n  i f  the m t h m w i n g  b is  i n n  - i f  I T -  i r ly  l a r g e -  b u i l d i n g s  c m  he - chm im ac -
t e r iz ed  m m ,  a r e - -l o t lye- by st ubl e t bn uw inm g ‘e m s  in in n a soct i - - c e  m n i b  r the  c e - i n t e r
c-if t t n e  b u i l d i n g . At t he  same tin in e then  t h a w i n g  near  t h em en- is c-if t i ne- building ,
dee - n n ( l i n g  s ubs t an t  l i l l y  on c h i n g e -  of n a t m n r a  I c o n d i t i o n s , f l u c t n m  m l  u- c - c  l v
w i t h i n  the  l i m i t s  of a y e a r .  S i n ce  the- -J ee p t im u n u d e - - r  t im e -  c e n t e;r  - - 2  t i n e -  b u i l d -
ing , as f o l l o w s  f r o m  the -  p r e s e n t e d  re - s u i t s , v a r y  c - c p  i d l y  u p p - r c s u c l c c  -~ the l i m i t -
ing v a l u e  u - l u t e -  m e d  front a u n c - c l u t  I c - m n  of a c u e - m s  i d e - r a b ly  s imp ler s t a t  i m h \ m r v  p- r at - i —
1cm , the q u e s t i c m n  or ises of a; p r c c x i m m m t e  est m ot i o n  cuf t i m ~ t i m e when t h e e -  l i m i t —
i n n g  outline c-if t he -  i u u s  in is c-e-ach ml . Fr i -cm t h em e n g i m m e e  r i n g  p o i nt  cf v i e - - -  i t
- - f t c - n  p c - - i c e - s s u f f  ic i e n n t  tIc est imate t h e -  t inn e- d u r i n g  vim ic m n t h e - t in iwing b a s i n
re n e c h e - , 80—9o7~ c c f  t he m ax i mu m , it  f o l l o w s  f r o m  an e \ e n n n m e  tn ion  - - I T  t i -m o  c r i t - . c - i - u
of s i m i l a r i ty  of the  u n s t - - a d y  ten m p~~- r c t u r e  f i e l d s  t h a t  t b ~~- t imn c-- n - c e - s s i r y  f - - r
formn ~c m t i o n  of t he  t h aw i n g  bas in  w i t h  change  of t he  d i n n e m u s i o n s  of t h e  b u i l d i n g
v a m i e a ~m ap p r o x l n ut c ly  in p r op or t  i -s i  to the-- square-- i ) f  the -- rat i- - - t  t i n s  w i d t h s
c - f  t i n -  b u i l d i n g s . T h i s  p e r mi t s  c - inn t he  bas i n- , of the  r e - s u i t s  of a s i n g l e  ca l-
c ul at  b a  obtm m i n i n g  in f i r s t  m p . 1 rcc xi cm u t ion in th e given reg ion a t ime of f or -
nut m a  of t h a w i n g  b a s i n _ i  f o r  d i f f e  c - c - c i t  structumes with a simi Lur te-nn l ; c - u t ure
and hea t in su la t i o n  in th em,  Let u s  note thit the dem p e m m c t c - n n c c  of t h e m  t ime ne-
c cn n- s a ry  f o r  t he  f o r m a t i o n  of a thawing bas in - i c-in t i m e -  w i d t i n  cf the building is
more p c-cc ise the  sma l b c - c -  t h e  hea t re - s  i s ton c e of t i - m e -  I n s u l e t  i n n g  c c - y e ring s (-in-i
b u i l d i n g .  As has a lr c -~mdy bee- i p - c c  i m i t e d  i - cut , t i n e  IT i m n d i n g  u - f  t u e  l i m i t  im i g th m w —
ing b a s i n  under  a b u i l d i n g  I n t h e -  p r e -n ence - - I T  d i f fe r e n t  i n s u l e t  i - - m n - i -  m u _ i  ide
and out s ide tine- building but under  averaged s u r f m c c -  cond i t  l c - n u n ~ is n c C c -imf - b i s l e- i
f a i r l y  e a sily with e ither m m d i g i ta l  c omp u t e r  - m c -  a model  El  — 1 2  - - r  EG [)A d i f f e r —
e ;m nt l m e l  ana l y z e -c - .

I h u s , m~s a r e s u l t  of ser ia l ca l c u b n i t ions w i t h  a d l f f e r e - n i t  j u l  ana Iyze r  ~i m i nim- —
gram was obta m e d  for Ca Ic ula t  1 11 m m ccl t i i € -  l i m i t  lug conf I gu r at  i - - m i s  c - c f  a t h a w i n g
basin f c e r  b u i l d i n g s  of any width under t u e  c o n dit i o n s  c - i t  symmetry  under  ar-
b i t  r a r y  ( c o n s t a n t )  b c i u n d or  y cond i t  i c - i n n s  , i n n - u  l e t  ion inn — ide- t h e -  hu i l d  i c - mg and
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any cc - c - r e - l i t  loIn s - - i f  t u e  c- c e f f icie n u t s of t i n e  c -mu conduc t  i v i t ’ i  c f  t m e; g r e a u m d  i n n
then tbn u we - m t m m m c l  f r m c z e  mm s l u t  e— - . i h ~ flriii n c i g r n m m  (F i gei m - l~ -~~) c - - m i s  i t - - I T  a d i n —
gr oom l i n k i n g  t i n e -  r~i t i c - i  c - f  t i n e -  g r e - c t  - - t  d c - p  t i m  of t ! m m w i n e g  ~ I - i c  t i n e  b u i l d i n g
wh It : a wjth tb - i  r u t  I - - e f  t i n 1~~k~m c. - - ~ c c i  t h e  t i n iwe ci gr im m - i  e - q U i v m l e m m t  i n  me - i s —
t i n - i c c  t - - t he t h e - r o m e I r e - s  i s t e n c e  ( - I  t h e e  i nsu l a t  i - - n  i n n  I c  b u i l d i n i g  s I- t in -
bu i l ~l in g  w i d l i n  f e u r  d i f f ~- c - .  n i t  v a l u e s  c f  ti -m e C - - c  f f  icient cc = t — t ‘/t —

b l d g b ld g
— t • h e r e  t mend t c c - c -  t hen  t c- nn i p e - r u t n n m u  - - in  t m -  b u i l d i n g  c o d  - c c - n  t h e  s u m —

o b l d g o
f e - c c  - f  t i~e g round  r e - a :  c - c t  ive - ly  mind t ‘ i _ i  t i n e -  I i  mm n i~e-ra t u r e  of t i - c e  t ar t  of
t c-c- C-Z I c n e

m n~
6
~~ t

bm
n:o~~m :;n~:

Ihe greatest depth of thaw ing is calculated with t in e n n - - m n n m - g c - a n n  i s  - l  l ows .
The- ca lculating temperature in the building t

b ld  
1: rep-laced by t he  redoced

w i t h  the fo r m u la  t ’ — t (A /~ ) .  [hen difference of t eu nn n era -
b l d g bld g t IT -

t u re s  I n s i de  t i n e  b u i l d i n g  and in the ground at ti -me dee p t im cu f c m c m i s t u n t  tempera-
tu res  t — t is t - i k e n n  to be 1007. and the  c o e f f i c i e n t  ~ t ’ - t ’/b l d g  o b l d g
t ’ - t , which dete -rm ln e -- -i the p c cis jt ion of the ze r o  isotherm under  thc-

bldg o
center of the bu ilding, Is cm el cu l ated.

if we calculate with the therma l resistance of the field R the- value of
s — 

t
R f ,  on the basis -if s/a and we f i n d on the nomogra~ the ratio cf the

depth of thawing to the building width f/a and fri -mm that the dep th of maxi-
mufi thawing 

~m •
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2. Ca l c u i .  t m - - c e - - f  I -  i b e c u n - i n n g  B a s i n  in  t i e -  L - c ~ i - t  c - - m c i. i on  c-cf La rg e-  S t r u c t n m - - c-
-~~i th  I rr eg-il ar n e - c t  R e - i c - - i  ; e -

As  m n  .x mm : I - - f  a n u n - - r e  com n n: l e-x  c - - t i le- ni - - f  t ! u e -  t h a w i n g  l i e - s i n e  w~n w ill e x u m n i c e -
t h e - i - i - m i m ic ~, c c  

~ th em- t - muuc c - c  t ur e -  IT le - t i e -  un i t c- a b u i l d i n g  - f  i m r g e -  i ic - m e -c c ions
w i t h  i c - m e : g c m L e c -  mc-  c t  r e - i c  cse , Such m e n c - - c l - b e r n  i - t i p  1 c m  1 ic -u t h e  C e _ i c  - IT  l u c - g -
ln d u c n t r  i l  c c - n n n e  1m ~x m cons 1st i - m g  of - t el - u c t u r e  c e - s e - n i t  L i l l y  d i i .  f i r e - c i t  i n  t c m —

p ~r m : n n e  c c e m n d i t i c c m m s .  I b n e n  r e~~u l t s  of t i m . - c e - i c  ml a t i cc n i~~~~- -f I - c e  t w o — d i n n e - n i n i o n a l
p c -  - b l e - n u u  -f l i e  n i l e- - - IT tm n m e i u n g  c -i f  n -ci-: - - i n  I h e c - ba~~c - - I T  ~e h u i l d i r i g 58 c c i t i c - s
w ide-, c- - n l a i  t i ng  -i f tv - u s m - c t i - - m n a , ic-i t i m e -  — a c-~~ - ef 7 ( )  y e - a r c  -f  op c c - c t  i - - c - c  c c - i

c - c  :- e : n t e h - - m m  F i g u r e -  166 ( u c c c - r d i n - i g  t t i n e  w u - r k  of S. n . Z a n i c c l - - t c h i k c va n n :I
V . C , ~i c l o n n u c c i , 1u 7 2 ) .  In  1 . -i f i r s t  se - C l  i o u -n , w i t h  a w i e l t : 1  c - f  18 :un _ t c - m s , a
cons t c i .  t mn nc c r u l c u r e  c f  ~ - u  j  rrm.ni : e t imn c- d , and i :  t h e  second , 4 )  nn - l - r u m -.n i i - i

U ~~- I • I t  is  c - bvi - -uc - t ha t  the-- invi 1 C c t C d  c i r c u m s t u m n c c  e x c l u d e _ i  syn inet ry  of
t u e I - n un : - u t m r c  fiel d in t n - c ground .  I m i k e n  as a re- g i - - n n  cf I c - n y c  ~t i g c I  I cc  is
a r e -c t e : u g l e  ~~~ c ;  x 160 metu c-s in - i size , and nc cr the -uc - face a stmong l-i f r u c —
t u r e -d l a y e r w i t e a t i n i c k m m c  - s c - f 3 me-te-rs is se-p n - nc - it ed , the t.i c e r n u n c - p  i~~S i c- J
ch m n r - c c t e - - r i s t  ic - u - f  s-h ic t n d i f f e r  f rom  t h e - c s e -  in the  b a se -m e -n t  c - c - o k  e • l o  e-~t I nle -t e-
t t n e  d c -n  e m m l e m m c e  f i . e  n - a te -  of t h a w i n g  m i n i  t m  e q u a n m t  i t y  c u f  p ha Se- t r an s  i t  i o n m -  - - IT
w a t e r , t v  y r  h i n t s  of ca l c u l c t  In n s  w i t h  a d i f f e ren t  r a t  icc c - f  t m n e n  nun - -i c lure-
c- - : n t e n c n t  in t i m e  i n d i c t e d  m e y e r s  w e - m e - -  e x e m i n n c e c i , --t iner c o n d i t  I o n s  b e i n g  e-n n i a  I .
T he c - - p  c c - tn  i c e - c f  dc- n c e - i t S  n u c l c u p t e d  m i  c a l c u l m i t i o n s  c - f then r i t e  c - f  t i c a - n - i n g  - -f

r - - c k - a r e p m e -  s c - m u t e - c l  i n n  l a b l e  ~~~~ . A Ic-mu o c - a t u r e  -f I) s - us g ive - nn -~n t i n e- lo we-c-
! c c - c m m - m - l m r y  of t h e  r € g i - -- c m  c - i f  i n n v e n - ; t i g  i l l - - n i _ i , wh ich c o i n i c i d e -  s-ILL t i n e  base c - f
he- i - e - r m l i . m f rnz  i - m m  rocks • The  d i  - .1 c- ihu t i . e  of t he  in It I i  1 term : c - r u t  u r e - s  by dee I -

- r -. - i  c c l i  ( h u n  Tab le -  85.

e = 1 
~~~~~ 

~~~~~~ 
- -

~~

- -~ ~~

- - t ~~ i _ ~~~~~ ! —- L J~~~L10 - 0 ~9 22 371 
~~) in) 6~ 

n

F I g - i r e -  1 66 . b ouni dar  i c e —  ce f  tn t ce thaw bug of rocks  i n n  t lone under
ci s e c t i c c n  w i t h  p - c n n  i t  lye t and I a t  . m m o i 5 t  un - c o n t e n t  of
the -  rocks of 6 .  in  t i m e -  IT l r at  bo y 2- r and IL I n c  tim e- secoad (solid
lime- ) and at me m e c i n t u r i -  cc-intent c f  t h e  r m m c l - n - o of 18 and  Q;
(h r c c k - m i  i i  c e - )
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k ey :  A — (‘ m m m n m c t c - r i ; I  i c -  of t h e  g r - n u n m d  B — 1 ) i n n n e - u i s - i o n s  C — V a r i m : t  1
I) - Var t~~c-nt 2 a — fir t liv er b second Lu-jer
1 — Specific weight -if = k E - l c t c c i , k g / n n ~ 2 — ~I c c i s L u c - i  c m - m u t e - n i t  by w e i g h t ,
7. 3 — k e  l 1 t  IVC ice c u - n i l e - n u t  4 — (~ n c t n  cf p he -sen t r u n u s f o r m a t  i - - i n  - , ~c u  I / r n 3

5 - \ m - i u i n i c -  s: c-c if ic n e - a t  c - f  f r o z e n  g c - c u u n n~~, kca b / ( m 3 ) ( d e - g r e e - )  6 — V o l u m e -
-u cC if  Ic i-mea t u-f thawed groun d , kcn-n 1/ (m ) ( d - -g r e -e)  7 - Cru e t  IT Ic l ent  - I T
t h e-r ome -b c o n d u c t i v i t y  (of t h a w e d  c i nd f c - c z e - n m  g r o u n d ) , kc mu I / ( on )  ( d c - g r e - c  ) (h r )

T m i h u l e -  85 D i s t r b b u t i u c m u  cf tl ne i n i t ia l te rn :  cr e - t u r e s  of rocks  by dep th

- m i i  - i - u -  — u c .  n z  c c  - 

- - : 
-
( - 

- 
— 2 _b . I —-  

-

Le - ’/: A - Dc-p t im , m B - 1 e - m i T h e r m t u r e ,

I n is m i t  uc-a l the- tn in t h e e  f i r s t  years  - 1  m i p - e r m t b m m n m  a t ! n a w i n n ~ be -s in grcnws c c —
c C  Ia 11/  rap i d l y  u n der  a b u i l d i n g  with a te - nnm :  e r a t u r e -  - - I T  ~-~ n-fl , u n d e r  w h i c h  by

tine I t  y e - m r  i t s  m l e  t h e  c - c-a C he- a 30 m e t e - r e -  ( F i g u r e  166) .  Un der ti -m e- b u i l d i u n g
w i t h  a te--nn~.c c - e t u r e  - - 1  +20  

- 
t h e  ic -p t i n  - - I T  t h e -  t h aw i n g  bas in by t h m e -  7 th  n e - m r

c h a e m g e - : - t m - - m u m  i n - c  c - . m I t c c  20 n n e t e - r s , i n n c r e--~is  in - m g t c - s -~i r d  t i m e  c e n t r a l a r t  - - I T  t l n e
s-a m e n  s c-C  L i - - e m  • Lot c n m  t i - c e- maxim a 1 th Ick mic - s s  of Line t b n e - w  lng  I i t n i n c  g r e - d u e -  I by
rem- -v . - out f r - n m  u r n d e -r t h e e -  b u i l d i n g  w i t h  a L e - mu n p e -r a t u r e -  c f  ~~~~) t n - - we- rd t h e  cen—
L i  r of t h e -  e n t i r e -  wn-ernnn Se-Ct im vm , where-  by t he  60th ye e-r it m e u c e e  a ~u- 77 .5 cc i ,

I in e -  mi L u V e - _ p  m e e - e n m t e d  d~~t u  p e - r mn n i t  s~u y i n g  tha t a p e r m e - f r e u z e - n i  n ick  mu s s  w i t h  a
t i n  ick-nc-ss of 160 m et e -m s  u m m c l  am~ a w a r m  en - Ct  100 c c c n i n p - 1 e - t e - l y  t h u s - s  in - i  n - i - - i t  l e = 5
l b e ~mfl 311 (1 ye - ur n ,.

The rn o i  t c m r e  c - - m i t  ce -it if tine rocks has a s u b s t a n t i a l  u n I T  l u e - n n c e  - c n n  th~ t he- e- log
r I .  • At mm mo i  L u r e  c - m u l e - n t  of t h e -  r c m c k s  i n n  t i n e  up  p - c - c- la i e - r  - - 1  1S~ u n - i d  i n c
t i n e -  i - u s - e r  - - I  6 in the  f i r s t  year un de r  thee section w Ith: a Icc - ni - - r u l e - r e  f
t i m e -  c - a t - -  - - I T  t h a w i n i g  r e -ache - s  9 m e t e - r u m / y e - a r, a n n d  under  t h e  s e- C t  i - - c - i  w i t  ci t e r n —

c c -me ture -- IT -$-20 It vme r Ic- n f r e c m n n  5 t i c  2 nice I c - r n - n / y e - a r , Fr-nm t In-i c 5th t - l i t h e
y e -  cr 5, t i m e  r a t e -  - c i  t h e w i m i g  - - I  t h e -  r c m c k s  b e - c c - n i n e - s  1 icr  2 n n c c - t  c c - s / y e n , am i d  by th e
60t h y e - a r it - I c - c r c  u s e - s  t i c  u ) , : ) , 5 nnic-te -r /yc--mJ r ,

I l i e -  d ive-c -g ee- ice l u e  t h e  depths  - - I T  t h a w i n g  inc t i e  60th yu~i r  c - X C i  cci- , 20 m e t e r s
m i n d  si i l l  c-cOt i n m u e - : ,  t n -  g m - - s .
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C - - i m p e r i s - - n m  c i t  t h e  n - c - - c i t e -  - - m i n c e -  t c c i n l ~~ u t  i. cL - , I c - n  v c r i c p  e _ n - i t h  d j t p c n - n m t
J V e - c - e - e  t c~~~~e r c l c m n e  m i m i t h u e n c - n c r  - IT  — 2 , — . m m d  — 7 - i ’ 

e- tm i ’ - s- e Ci. n t  f - c -  t i t i l I c i —
i c u m ~ s u i t i n  n a m e  i m t c - : i s i v -  i c  r e l e u n , e I m_ L e n n c e  c u t  c n p , - ~ h m - ,- c l i t i .  i c  i u t  P u  c - c c -

- n i  P c  IT n - c t i  - af a t h u i c i c k b a S i c -  i c e  t h e e -  c m c u r - ,e -  c- f e e l  a n . .

1 h u m s  l i C e  in -  - t 10mm 01 me I - c - m c I  i t  i c - n :  1 - m I 1 1 c m ,  S - - n-n I i c Y  og ii  - ~ l e e  a n - i d e  r t

ce- m i t r a l  c - t i  c i u c j j l e l i n i - c~- m i  l ie ~i e b y - i  m l m e - t h e c -  s m m n i ;  iy  i n n  c e - c e c - : c r -  I c - -c u

h t c k j e - g  such c a l c i n l u t  1 - - e - e -  I i n n  m en :  - u l u n t  n - - n .  - -1 i c - - - .I 1 - - c-~~c u s t i - m~ i n c  ~~e he-

V e  e n e  c t  - - t  r_ m m u  i t  -
- i : m  m e c - c  g i - - n w m 1 e  e i cm - I r - ,u c -u n i -  cL - a r c  c-c c. i i  n n t  , - - s

ii. p e c - m e n i t s  s o l e - m u g  t h e  -~~ i c  -- I i - - n m  - I t he-  c ) L t i n n l . I s i - I c  Ct I c i c -  i c f  - c  ~ - n : n d c t  i - c r c , At
t h n c - s m m m  l ime , -f - - - m nu m is i nn s : - ur t un n u e  tru - im I i -  : i u m t  c - f  v i  c- - f  t c~- s t - l u l l  L v

c i b r m i l c I i m m ~~c- i s  t i - i c -  cl y m n a n n i c c u .  -f t .m c - i e e g  - - I T  I L  gr- ’imn -i - -  n e - - c - I c - u e  I c r
s t r u c t ui - c , ~~~- e l e - t t - n , n - es i n c  ! I C c P e d  n - ib c - c ve- , c h c c e n ds  s m i ! c . n  - :  - i c i l y  — m m  m
act e- r - t i n e  i i  - t c i - i n d i t i i u n c~ -- -- i t  s ide- t m e  c H l n I j c k

T h e -  s o l u t i o n  --I Lie- tn gr c c - me l c r u b l e - n c  -i. f r - u t f - - r e c s t i - n in j u n  Ci : c c n e-ct i u - i n e  w i t h
t i n e -  c c - n u s t c - c : c n  U - : c  cc f ci. n i n c t u m n  e b e a d s  t o  a m e - c  e I I ni e x- c mf l i se  e - m m  >.t s eennn- ~ l ’  - c u - n - u —
p l e x  c : n u n b t  i d i m c i : n s i o n n a l n n i u l t  u n  - : 1 - - b  m - c n n — S t - c m i - - n i u r ’f s c - - L i e - , At l u te - e e e u e n e  L i n u n e n
I t s  s m - l o t  i - - i n n  : c n n m n i t s  i c e - c e - I  igcl t ing  i. - Sl u t  t i - e l  - - I  I c - c  i e c ~ i - - n m of u c p  t i n e _ m i

ce) n u d i t  l o i n s  n e a r  t i m e -  b c ~c i l d j c e i . n  ( l i c e  c c - c u t  i c o n  c -  l awn s , s u e s- c - e t c - n u t  i - r i , Ic).

bc  a d d i l  i — u r n , u : e _ e k i n m~ - n c : ,  Ca Icu l e t  i a g i- i.e~ a ce i m u s m u  c - - i t - l u  saving, ~e s it
c u l t s  s o l v in g  n r u - l u  I c - m u m . n I  I c - m e e t  P n - i c - -  c u s t  I - e in w i t h  I - - U e - c  -f I ca l u~~.t  - I - c  I s
m i d  - ne - e e c it i . c c m e - s l b l e  i . e - i  d i~~ ,_ ni . -~ with co st ),’ h _ i c m l i u u g  1 m n - p e c i~ n n d  f i - n i  e- n--c-c l 1

u~n m - c - n -  I c e - .

3 , l u i v e  - .1 i g e - t i -  cc of t c -  l l c m  c - mci _ i l  i n c - g i m e n e  c - f  t m _ - i  13--el y i c e d  inn -u Se- IT a m  E n I L e - n i
D am L t u r i c e u p  C i m m i s t  n - m i c e  I c u m  mi n d O p - i c - ,  t i- n 

i l l  u x c m u u i : m u  ~e n umber  - - i t e c i fj c  r m c b l m . n cm - i . e  l a t n i n g t - f c - - c s I  s -L i e . en  j a r

i t  th e- t i . m ~~~ c - f  a clam a i d  m u l l  - - t h e m  st r u c t u r e - s  is  . m 1 ( n i c k  ta m u - - IT 1 - - -  ~i n- Ic -p - --

s i t s , i c -  I n c  f n - - - , e nu s t a t e -  t - -  mm c e u n - , i c 1 ~~m m l , l c  de -gre  . tic - -  ~~~ t I - - i n s  r a v e  l i e - c u p
st u i i - - d  c - c nn t ( n c -  cX unu mp Ic- - c f  l e e  e e- ej t e r u i  S i t u - i  i~~ie- I i  l --sl i c - I  - .

l i m e -  m i - a t  i r u n n - - r t e m n t  -f t i e - c e- r - - 1 u l e - r i t n ~ Is d i n - i t  c c i .  t . e  S t n , c t e -  m e n d  s I - - h l l i t n ,’ p

mm c- - r I P e n  d a m n . I t  w~ms p r a p - - ed I - c  e r e ct ti ne ci nun tu-j ) c i u l l d l m i c -  i t  i i ;  ( n y d m o —

r n e c h a n i c - l l i  s- i l - i - - c l s i l t y  1-s i c-n - , — m m d v  i - - a m i n e -  a m i d  s. i muuts ice ( e n  c-n- - c u r s e  nt
a nmurnber of ye rs. it was i - m i n e d  t i c  b u i l d it  up - - n i l ’ ,  I n c  H- ~c n n : u n - cc - n p e n  i c e d .
Hmt nmc - i 1 ly t . u m i c t i c - in m m r i u es of t i m e  f r e e - c ’. l un g if  I 1 ce e n c n i c c u k n c n r  n i t  1 - -  I 1  I i i  t h e e

e r i c - cl c -f t~~ e be_ n ildup . . i n i l i t -  n , i n c  t h e e  p - i n  i - - b  ~ 1 c c - t i - c - - U  t I n e -  s t r u c i . e m n .

I r r egu l a r  f r e e  , i m g  a m i d  p - c - c s  i h l e  l i e a w i u m g ,  c m n d  i l c ; e m  t i ne  1 - - n  m i i i  i - - m u  c-if I c - - c e  u
i : n t e r  l a y e r s  i n n  the - h e s l y  c 1  . in i c-ic - th in - n i damn Inc  l i m e -  p r - - c- ce - s  c - f ~t s  c-r e CL i c - n m , ce- u i
l e - c I  1 - -  l i n e  t - r n c i m t i e c n m  - - I  u m u d e e - i m a b l e -  i t - i l l  d m u i g e  1- - e u s  g l i d e  p l.m m m e -u,  e n n u i  ic  - t r u c —
t i c s - i  - - IT t i n e -  d m m m n .  m m  c c - m i m i c - c l  ion w i t h  t h a t t i n e -  c - - h i .  nc i c - l u - c e  of i l t I c  u n e n i u n i n u g

t iiiti l w i c r k i n m g  c c i m m c l i t  i - -  w l n i c n s - c - m I d  o c c u r -  m n  i i i  e n e - c -  id  ml  m c n g i r - im u - ;  I r e - z e n
i m u t e - c - L u - / i - T s in t i m e -  body i f  m e dam i n n  t i n e - c c c u i - , t  n e-a ct  i - - m u  c e -r i - h •

1 m m  a d d i t n i m u m i  i t  I s  n n e c e - s s . m r y  t n -  c i i  t m r n u l i : u m  t h u c  Lu  m u - c  1 - - t - u t c -  - i inn c - c m - t i - c - c e  i ,m nm c
at t i m e  e n m ’ i  c f  c c i n n u n t  ruct i c O n  m u d  i t s  c h e - n n g c -  I - c  I t  1 , i i i  t i me i i  i n n g  p c- -c - lad ac-md ,

i n n  p 1 n t lc u l ,n r , d * - t c - r m i n m  t i n e  e n  i u u ) i I l I t y  of t i m e -  I - - n m m ~- m t  i - ’ . i  i - I  p c - - m n c c u n 1 -  n t  of t i -

hc md ’j  - I I - e _ e - m r  t (n e _ -n c -1 cnn .
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-\ v~~r - :  c - c ; s c c i t i a l  m e -  c u t  i s  s e u l u t  i - u n  c c ~ Il c i- p n- - - ( m l c : m n m  c - i  l i n e  n- - b e l t -n- t i m e - w i n g
-IT a t c .c s e- 1 , s - c - n I l — f i l t e r i n g  c - - a c - s e  s m m n i d  m o d  ( d c l i  h o r i z c c n n  i ’ . i n m g  I I  t u ne  hoe -c.

- - U  a i - n  u e c - t e r  s e -m i d ’,’ a l l m m - c- i c im nn -nt a eli - c t i of 2 5 — u )  t e n e t e - r S ,

l ess  in:: :  c - I - n i t , f ic-ca I by , Is. t n c  s c i l u t  i - - n  - -IT the- c - - c i m b e m  -f t h e - -  b ehav io r  - - I T
sl i p c :  i n n  l u c c  a c-’n ,~r m  n - mn - a c - I n c - f l  cl,mm is i n n  C - - n i l e - c L  s- i l : t h e  n ; i d e - s  of .e v O l  1 -
I n  t e m t  ce -n e it Is O c- c e eo- n c - y  t i - i  d et er m I ne -  I m u - c - - c m n - ~~e - - - I T  t n - i n - m g - -IT  Li n e n fr--zen
n -  c l-c c e - s e - s  and  t h e -  I c c  m i c e - s  i f  the p l , m n m c n - s - - I  p o s s i b l e -  s b  i d i n i g  of t he  t h a w e d
c-- urt ,c :. - 

~~
- s’ e ~ m e - c r  I c -  n - n c  c - c -  s u r f u c e  - - I T  p er m a f r c - i z en  rock n n d u - , - e e - , L i - c e - c -  q u c s —

t I - -n - i s c m - c d - i  he c ;c u lvc _ -cl ic-c l y m n - I L L  cons i d e -r i  I lore - u f t i m t -  e n - n e t  I r e  -~ rinnp It X c  IT t n - c
C - -  r t ~ c m c t e m c - u l  s j t e _ m m t  ion c-if t h e -  r e - g l e e  of c - u n n s t r u c t i o r n .

‘ he-  r u l e - r n  c - f  t h e  t en -nil ;  e - r m c t u r  r eg ime  - -f !- m~ c m m b a m k m n e - n t  in t i n e -  c c - - i c e -  - - c c f

c - - r n  - I c -oct  in- e e /  b e - - c i u s e  - - 1  th ce c - - n n s  icic r i b l e m  d i nnu c - c n -  ions of a dam can be r e- -duced
- me u n i d i n u m e u e - - i o m i m n b m u b t i f c - c c u n l  c m o b l e m  c e f  th e - Ste-fan t ’rc . Its s o l u t io n

w i t h  .1 h y d r u u e -  I Ic i n teg r a t o r  p rec -~eni c - no e-u bn t m m n u t  In - i l d i f f i c u l t i e s  c- ven d u r i n g
d i scha rge.

Thc d a t a  of a f r o s t  - - e _ l c - n - u ’n- - - i f  t h e  l i t h - l - c g i c u l  c - - m e  r c s it  inn  c f  t i n e  s o i l  I n d i ca t e -

~i mln l c m i t in-i l i c e  t e  ro ge - m id u  I l v  of t n n c  e - e - c i l  n i t  the be- eec of the  emh mmnkin en t  : s m n e _ i ’j
1 - u nnm and  1--am so i l s  ly ing  f r - - n u n  the  s u r f,m c e  t -c dcc ti of 5.3 meters  n - i r e -  u n d e r -
b c e  in by f icme -  se-nd to a d e p c t h n  - i f  25 n c m n - t e r s .  I t i s  pr ep m u s e d  t i  p - c u r  t i m e :  e m b an k —

u n n e u n t  - u f f  I - c -  s li ly sand . line tinc -rniio phys lea 1 ciu :mr emct em r 1st ics of Lin e - st-i li e- ir
t h e -  b - - u i ,’ an d ba se : - -t thee - d a r n  O r c e  p - r e - - n e  n I c e _ I  in I m b i c i$b , As e- c -cc -c u l t  of c a l —
c u P - t i - - c c - of t h n  t h c- rr mim i 1 reg ime - - I  t n P u c  body min d base - - I T  t ime -  d3m * it  has bean
IT ed t hem i. U t - ic - c- . m v c e r , m g c  p c - r e - n u n  i c  1 corid i t  i - i n n s  the  r e s e r v e  c - f  h e a t  in t h e e -  e n e m —
h a ,  km m i e -uut  a c c n m r u n u c b a t e d  m m  l i e  j r  -Ce- c- C S c - i f  bu I i d up  is ee l im l n n - e t  ed in - i l i m e -  co u rs e  - -f

t he -  I i n s t  10 V e - a r s  - - t  - - p  c r m m t  Inc -u (Fi gure 167) .  But if t h e :  bu i ldu 1- is ce_ err led
- c u t  in n  c - - l d  ‘c e ’ n c-it h l i t t l e - -  s n m c w  t i m e - n - i , m i s  is e v i d e n t  fm--nun F i g u r e  I t - n - - - , i m - i
t i n e  t m - - d y  - - IT  t h e -  b u l  i d e _ n p  f - - m m  l u c r e -  c c  IT c - - s e - c m  grecun id of cons i d e u r e - b i e -  t h i c k n e s s .

I f  5 (;  com~ i r e  I~ - i~ r e - - n i t : -  of a l l  t he -  Ca Icu b a t  loris  m a d n -  we- can c o n c lu c t c-  t h a t
d i r  ing the -  c o n s t r u c t  i- i n n of an e -m b , mn k m e n t  i t  is m c c c c eessary  t i - i  c i - i . m s t r u c t  c- m n - a ,
r e - t e n t  i on o;i its su r f a c e  ic-c - c r c i e - r  tu i  p c - c - ev e -nut the f o r m n k u t i- - n m  -f p *n- r m a f r c c z e  ci
1i yc-r s c - f  g c -c - iund in it • The - ip t itnma I mimount c-if t h c  n - n u c m  I i n s u l at i on  c-i s su r ing
t ( e -  r c .Semv a t ic- n of t i n e  body c - f  the  embankment  i n  a thawed e - t c t e  i s  r c - i u gh l y
equ ive -  l en t  t m  1.5 t inn e- -~ t h e -  he igh t of t b n e -  n - m v e - r . i g m. sn ow cu e-er  c c b s u r v e - b l c  in the
r e - g i c u m m  c - f  c c - n i : t  r u c t  l o u  thrc -iugh the -  ye- .en :c, T h i s c o r i c i u m - i c m n  re’rne- i u c ~ va l i d  f c ’r
s e-ct  ions of t i n e  r eg  i c - in - i  s - l i e -c -c  t u ne average annua l te - i nn e c :c -a tu r e s  - i f  the - ground
are n- - tn i c-cs-c c- t h a n  _ 1 0. On sect ions with 1--w e -c - an n i u c i  1 a ver a g e  temp e-r~e t u r e e s
of the n -  gr curc d a doub le  t h i c k n n e - s s  if t i n e  s n ow  c e-er n - iu c u b d  I c c -  assu :ed,

/ Thawing  c f  t i m e -  f r -zen  r c c k  mass widen a r e s e - r v - - i r  and de-in/  on account  of
n r c - - I  l u - n c c l  wa ter in a f i l t r m m t ing l aye r . 10 j u d ge t h e n -  -~t a b i l i t y  c-cf me structure

n - c - l i m e  c ou r se  of t he  ccucduct in - m g c m l  the In d l c . m t e - d  ca i c u l m et  ion s n - end  a l s o  t h e i r
neesults are- described In the work of V . A. Kudry e -v t -cem v , V . C , Me-lamed, M.
D , Goloyko and N . I .  Trt m s i n  (H61).
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- L
F igu r e  167 . Change --1  t h e  t e r n ;  c- - re - t ar - .~~

if t h e  ground 1 c m  t h e  body of n- in anbank -  ~ /

men l in -i tin e  c u r - n e -  c-if ~ - ‘ c - - i c - s  of con- -
~~~ 

‘
~~ -

-

s t r u ct  1- - : n  m e n d  5 y e -~irs -- IT ny-era t i c - in :  1 — 
-

t ee-inc c - - c - - -  t u r e -  at  ci h e ig b m t  of 9 . 6 m n s - t c  i n ;  
- - - ~~~~~~~~ ~~~~~~~~~~~~~~

2 — 21 . 6 ~~ . 
- -  , I 

/ ~~~~~~ 
- —

a - l e-nrn en-re- ture , ~C b — T i m e , ye n - m r s  - 

/ 
/

/
F i gu re-  l n i , Change  in t i m e  of t h e e -  b - n - W i -  e-

~~ _____~~ •~ 
-

d3rv  c- c f  f c - e~ n~~ ing and thawing of the  - — -

ground  in the  bod y an d base of an  em- -

l u i : e k r n ~ :ut in  the course-  c - f 2 Ii c c c i d t l  y c - - a r s  - 
i ~ ~, - n- 71 -

w i t h  l i t t le  snow:  1 - f nn z e n  ground ; ‘-
~ 

I - -
~~~ 

,‘ — -

2 — t i e _ a s - ed g roun d ; 3 — s i l t y  1-cam ;  ~ - b -n- , in— . -

l igh t  i - - a m ,  mm - h e i g h t  - i f  e m b a n k men t ;
h - Den t tc of ge_ c U e - c - i  c - tn the base , meter ;;
c — l ime- , y e n - a c - s

Table e-~ 1 mc e rfliophys ice-i uh:mr e-cte-r Istics cf  grm urnel m m d c ; L c d  in cci lcul cL i - - e m s
- 

A -- J B  C 1~~, L~-

1 - - - - - - - _ . I i -~:si I ~~~ - -

2 I - - - i m u  c ~- i i  - - ‘  u~~- e m -  c c -

3 c:;~~~ m :~~~~ : ; ’ . 
‘ 

- c - u  c e - i c e _ u  

; 

- 

S -J 

-

u , - - - (-nm e - - -  I -~ n u - c u - m  nc - - n - u - ~m t ~m ~ -

5 -c ~_ e e , . m   e ri _ c- - c I - pi i i i  . .  \ —- u m e- - I 
- 

m iii - n-mum i

-‘ m :_ — c c u e - p n m -  pm r e m c_ u  _~ - - I .~ e iiJ 5_ P c  - 5)- i

7 J—~~~~; ; c u u - - - c — i -  - c e , i _ c - i  - -

pm m e r e  c u  i . i ii - ‘ ‘- i nc I )  n- n-
8 . - - - ; - i  e ,. - ic I - c - c i n c  I I

- P~ - me j c 1 I .0’ 2 i n - I 
- I

9 )- • p - r — -i- - - . - - - i — -n- - cc c i i  c ci ‘e - :  n - c C -, nc - ()

K e y :  A - C h a m a c t e r i - t i c  II - D i m e  nn ions C - Loam 3D - F i n n e .  s and  E -
S i  it - ,  sand  I — Sp e c i f i c  wei g h t  of gnc ~e- nd , kg/ rn  ; 2 — ~ I c c j S I c a c - c  cc- intent
‘m l  gm m in t  mi s 7. (cf t - t a b  w e i gh t  m u f  thee grecu rc d ) ; 3 — I rc -e-z  log i c - i  lot if
t ( -e  ground ; 4 L a t e - n u t  m e e t  c - f fus I-in - -f ice- per un -i it - - I T  ve - ilu ir ee - - I T  l I m e
g r - - m m n m d , kca i / r n  ; 5 V e e l u x m n n- su  c-c  If Ic inc- n - m t of thawed g r e e u n d , kc e_ e l / ( n m m  

~)

(degree- ) ;  6 - Vt - l u  ne  spec if Ic hc-,et , k cm e 1 / (m 3 ) (d eg r ee) ;  7 - Cc-ie f f Ic tent
of tine m u  1 n-ionduct lv i  t y - m l  th,ewed gr- mun ci , kca I / (rn )  (degree- ) (h r ) ;  8 —

Ce- efficient -it thermnu I c- cueduct iv It y c c l  f r o z e - m n  ground , kcci 1 / (m) (de~ ren-en-)
(hr); 9 — Co ef f  Ic i e - n n t  - - 1  l i e -at  t c - m n s f e ’ r  f r - - m i  the s u r f i c e - , kcci 1/ (inn -)
( d c - g r e  e - ) (hr  )
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in subs e-qmn e -it years of I t s  : c p  e r , e t  i - - n i  it  is n i e c e - s e - d r y  :o cnn Icu l m i t e -  t i ne t h e - w i u n a
of t i n c i - ~e- f r o z e n  r -c cks  in t h e  base: dun 1mg ci long u ri - c - i of c c n : e - r n u t  ion - -f a c- c —

servo ir • ta ken t o  bc 50 y e a r s  • In  connec t  ion w i t h  t i n - i t , ca l c u l I  ic on w j n - m e  made-

- - IT tI-me thawing of n - i p c- c -rncfr oze n r ick mass from ab c - i c e -  ( t h r o u g h  h e - - n - t n  e_ m m niv i rng
from the re -ne c - vc u ir) and b e l c c w  ( t h ro u g h  heat tm~m n s p  -- c - ted by f litr e - ti -- mu -- IT voter
in  t h e  l ayer  m i n n i e - c - l ying t i -m e- nass c - i f  fm --ze n -n soils). Ihe former Ca iculat inn is
extremely ~imiip Ic mn - I i- -_ r’ -t illumin e-itch hare-, but th e e  s e - c - -n i  r e i 1u  I r e )  ~ :,p m c  Lm i
a n -p r c u e cim

/ 1 
- 

~~~~ 

/~, 
- 
i ’/ -

[ 2 n -~~ ~~~ 1- i I -  ~ ~~

F Igure 169. G e - o lo~~ica l mind l lt h ru l o glc a l con~~1tiu i ,n s of t h e
fo r ~nu 1at  inn  of tha  p n - r c m i m i e m  if t h aw i n g  c - i f  f r o z e - u n  rock u n -h e - c
a d a rn t h e mgh the influence of t h e  water flow in t he  f i t t e r -
1mg h o r i z o n :  I - g c - m v e - I - p e - b b l e - h o e - l d e r  h--rizc -erm ; 2 - sand - - f
va r i o u s  p a r t i c le  s i ze s ;  3 - f i n e  snei d ; n-~ - s il t y  sand ; 5 -

l o a m ;  6 - b o u n d a r y  of f r o z e n  g m c c u n d . a - Input window ; b -

O u tp  Ut  w i n i o c .

Fi gure 1i ~ ) p r e s e n t s  , m geo 1o~~i c m l  scheme of t~ u c  fo rm m ~et  ion c -f l i ce - r o b l c n -m u n e i c c -
c - e i s idern-c t Ion . In t he  cci Iculnit j o m n -  i,  was assumed that t h e-  f i 1t n ~m t  i - - m u  - IT s - c - e t c - c -
i c -  cm a l i i  b e d  ~c s e r v c c i n  unde r  a dam occurred mm-n j u n  Ly through t h u s - c d  “s - i n d m i~~— .”
I n  connec t  ion w i t h  m n o v c - m m n e c n t  - - I T  t h e -  IT t l t r a t i c c n n  f l o w  In n the base- i h o r i z o n - i  and
In  t h e -  I - - c -  i zon - i t  IT l i t e r  i n - i g  var i - - U s — n - - j~~e-d s e - n i h  m i n t e r  l y i n g  i t  t h e  In- i c -  un
ma ss bc - t b  under  the r c - s e r v m - i r  ten d under  the damn w i l l  g r e e d u e l l y  thaw. Since
t h e - r e  a rc  f a i r l y  uveny i n u p  at  mend c u t ~ c i t  w i n d o w s , i t  w e - e -  c iss tuf led t h e t  t h e n -  ms --y e-—
r i m e -n t  of g round  w u  Icc-s a bm i~ig t h e  f i b  t e e c -  j og l c y e - c -~ i nn t h e -  d i r e c t  i - i n  c-c - c  , m e t  i c u —
lar  t -  t h e e  m c c l  ion c - f  f l o w  w i l l  be ide -n t  ic~i 1. T h e -  Ic -ngth  of t i m e  f l i t  c - c t  1c m t a e t n h
in t h , e t  case - s-as assumed to  be L ~ 1400 mec t - ar s . T i m e -  t i c - c s -  r a t e  - - I T  the  w a t e r
fil t erinng froan the u m j . p  er m t - c  the :  l ow er  w a t e r s  of thee c -c - m e r e - c ir is mu -I e r n e m i c n - - i
w i t h  t i u e e  f o r m u l n - m c~~

1’ n A c 
‘~ i i cn~ m e - c-n t I l t I t e - m .~ nt i n n i ’ n e i i i c  - n e m n m e e - n I L

~lha t Is , the basal horizon and tii~ ’ l a y e r  of s e n d  m u e n c h c - r l y i n g  It.
*lcThe hy dr aulic res l— - itcm nnc c- c - f thee input and m e u t p u t  In t h e  f i l t e r i n g  he i r  iz c , mm

can be neglected.
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- nm 2~ - . rn/day is 1 1 c c -  sc i g e l e d u v e - r i g e -  c lue  of t m ~ c- f i l t n m t  m e -  c c c l —

f i c l e - m ~ c - f  l ec - n - soils - c I T  t i m  filter i ng u - - c - i z o a ;  b = 20 m is the - t h i c i - a n e - -; - - of
the e f i l t c - - i m g  e - c - i z o :i ;  ~~ 1u = 3 7 m is time d l i  fe -m e -m i ce aZ h e_ m .md s c- IT c P n - ~ -~~m t i - -c - i n

- e e c  e~ T d O  I 1-~~n -i r s - m t - - r n  ot time re- -Se r v c u i r .

I n n  coon, C t  ic - a  ,- it in  t u ne -  f a c t t i m e  t t h e  filter in ,4 m -c iz or m i -~ c u - v e - r c - -~l by ; - - -; ly
f i l t c - r i c n c  s u r c :l s , t i n -  n m n m c n - c m m n e c n t  c - f  s - m e t -  r ~n t n - e - i n g  h i gh e r - — l y i n g s a m i l s  s - u s  dis-
c -u .~~ rde-n-l in n t h e e  c~u l c n t l u t i - - n n e e . ~l e - l - - s -  t h e  f i l t e - c - i n m~ h o r i z o n  l i e s  1 - - m m  ~i m j c c m n i s

r e - C l  ic~~l l ’~’ - n - 1 c L i r — i m~ - u  c -n mL- . m b l e ,  t h o r -  I c - c - u  the  c o n d i t i o n s  of s - n - i t -  r f j l t c - . c t  ic-e m - i
- I c  IS  n c - ee c-md t be - ins- c- l u b l e -  in t Inc - an d  u n c o n n e c t e d  s- i l  h c h an g e - s of the t i :c -  c- —

unm. u I r~- g Luu- - t i c - i -  b e - sc  ,

l h n c -  t h i c kn e s s  - - i f t h e m f i l t e i i n n g  h e - - i  i z - - i m m  1- -, v e r y  s m a l l  i n n  c- -m m i c - I - - c  e _ n - i t i u  then -
i e - : m~n - t h  -- i f  t h i n -  IT i l t r a t  i n n  p m  t i n  m t - i - i  t t n e .  c - c - f i r e  m u  c c -m Icu i n - m t  i c- c c-c s t imc - d j f f e - c - c : n n - cma
i n c  s - a t n c  r I c  n t : c- r m  I a r e - . -. j c i  t h e -  C c - c c n , -m — s e c t  1 - i  of the  IT I i t e e r  i ng  f l o w  ce - mm b~ ne—

g b e - c t — I . [0  s i nunc 1 if-i ca L c c a l m m t  i - - n e  of the  therma l inte-n a c t  i n n  c-if the-  IT i l t e -r  i c e ~
f l - w  with h i gh e r —  and  i cc w :r— l y i n g  c - c - c L  it can be a s s u m e d  t h a t  I t  is c - - r n . -o

f h u m nnc g c - -n i e c o u s  so i l , t h i e  IT litre -ti - u i  c - c e l t i c  j e - n n t  of s-li i c i e  Is c e c [ n i u 1 t -- I c e-

w e i g h t e d  n - v c  r a g e  vn-i l u n e  if  t in e- fi Itrit i n n  c--off icient of the U s - -- layers - 1 t h I
- - - c -  i s-° n . I h e - c - c- I c r e -  t n b n e -  ccc icu l i t  ions cf the- t h u s -  inng  of g ro u n ds  I’, ing a b c - ye  i c m d
l .i c - m i O w  t i n ’  filL r i e c ~ i n c - c - i n - non u n d e r  c - - n n c ;  id c - m t  i-m i ce-n be mun. ude se--c u r m u t e l y ,  t . u k i c ; g
I n i t  ci c - -n i - ; ic h c - c - me t 1- - c m  in - i  each cf ti-me -rn on l y  h a l f  t h e e  f l u c s -  r i t e - -  of t h e  nn n- -c log s - u t  n - -c -

c = m ~/ 2 . P c - - c c  n u t e  bc -  l-°s- c c - c  cue l c u l m l  i n i s  of U t - cc  t t m aw i n g  - i f  t i e  gr a c e  !s i —
i c . ~ p - - n i - n -  n - i b o v~. t i n e  f i l te r i n g  m c c c -  l i - c a  (F i g u r e  170).

F 1- n - n u n -  1 7 ) , Schemmeat Ic di a~,n- m em c-if t i n e -  c e e n d t l c u n n s  c-e c l m u 1  t e n - I  m l
c e  Lcu l~m I in - mg t tm ee - t h m m w i n g  cf tine - c - - u i  e n m  r - -cl- m e s s  f r m c m  be ic -m w
t h rou g h  mov e-ti m . u-it of water  m i  t h u e  I l i t  e - r i m m ~ Ii t 1- - e e • Tb

de~ ti of t m m u s - 1 u n~ is h . ,  m e t e r s ;  t i e , - m e a t Ii ’ s- Ire - rn th e - -~ub—
e-urf~ec IT l c c w  i n t o  t i m e -  roof q , k cm 1 / (nm~ ) y e -  ) in  each I — t h e
s ct i - m u m , i i -

~ 0, 1 , 2 , 3 , ~~~~ a - - V • nm ~(hr

D u r i n g  the  n ml ~c v e - :n l - o n n t  of s - n - l I e - c -  n i l e - i n - m g  -m f I l t e - c- ing b e e r  ~~e _ c m f l  t i m - n ,  Is - e g r c d u i i r e —
duct  i - - m n  i e f  i t - ~ I - n c- a r m  t u r e  , in connec t i - - e n  w i t h  s - b c ich l ice- i mn t ens it y of t h a s- in g
c - f  h ig l n e r — l y i m m g  f r o z e - n i  s- I Is  gr. i a a l l y  n - I c - c c - i  .m s e - s  w i t h  n c - n a - - c m 1 f r o m  the  - t m r t
- - I  t im e l i l t  c - m t  l i m e  m i t h .

l i m e -  t w - - — d i n n m - e n c - iona l c - iml c le um c- f t t um - t h e - w i n g  - c i  fr --i c-ni n - - c k -  by the f l l t r e t i  in
IT low was e ;nb ve d  e-~~. i c r i cX lmTL1 t e i y by conduct ju g .e ser ic - ~ - f  Un id in m u e - e e - lecna I c al—
cul at I - i n s  of t t c m i w  log net d ii f e - r e-cit i a m m d  S 1 i c - r i g  t h e -  l e o n c g t  e - m l the IT l it r i t ton i
I n - n - i t i

i .
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- -  “ .- -a e., -

I r e  h - I .  1 c m  t u n e  C mn - c . c f  t i e  c h m . m m m g e  co t  s - u t  c- t m - m m n ~ e--r n - i t u r e  a t  tin- n - ce c - - m e t  s in
U t n - i c -  ( c c s c  d l a t e - i - i m i  t h e n -  t t m e - s - i o g  c - - u I -  nun ~i s  h c c u n i d a c - - i  con d i t  inn s - c f  t h -~ f i r s t
~. i c cd), a n n  a n  m m ’ x i m c l e -  c e - l c u l m e t i - - n m  u -es  p c - c  i l m i n e - u r i l y mm li i i  c-il t . -~ s - it e m I- mn -n —

- r . t  - c r c  - i n - - - dccc- im ig its n um - - c- n nn m t  a l c - u m g  t i m e  filtering h e - c m - l i - m n - i  - - mu i c c - c e - n i t  of
n - c c w e - u - h  c c - c t  t n c n n . .- I -

Ii ~e- ci me- t t c c t  of c u  i c u i a t  log t h e e  din - c  t i c s  IT l i c ~ c s -  l u ng urn i c c - - n c - e l  at  mot i - - m n
c - I T  s - e n - i n- m i t -  I~-~ - . f i l l c r i n g  b u y e r c - c - i  c - c - o c - - t n t s  t - - a c e r t , c i n  c i c ~~n - c -  - t i m e -  me thod

-IT s - m : c c  su~ i v - -. c c n ~n t n u m n i n - I n s  • f e - k e  ii as t h e  f i r s t  il r - - x i n n t m t  1- i - I T  t h u e -  d t~u s
H i s -  I mc i  - - i f l i m e  c - c c c - f  h a i c - c i g  t h e  1e -m - m gth  of t i m e  IT i l l  m - t  j u n  u u t  Ii w e c - c -- (Ie~ t he ;

C m  l c c l i t  - h - s - i t 1 u  I n c  s i m n ~ f i f i c - - d  S te  I m a  for~~e - i m  (3.7,7) a t  d i f f e r e n t  w a t e r  t ern -
p - r n - C - - s  (fo r i X  n unc Ic- , +t , +3, +7 and +1

0
). Omit i j n c n - m t  I c - - i n  t i n - u t  s - m s  t i - i c-  d i s —

t n c e c e  , m t  s-m u ie m u n m c u d c -  r t c c  c o n d i t I o n s  by t i - i c -  m c i m e - n i t  ~ t t c c  s - u t  c- t - m e e n - c t - n r c

- ,- i l I  t c e  t n - e n -ct i s o  d u t c m e -  the change of th e  w .e t c r  U -  nun -u e-ra t ccn - . in t i n u m c -  f r
ii~ i e - r~ u - i t  p - - i : .t  ic - - m n  tin -- f i b t r u t  i - - n i  I n - e lm . l e - k i n g  th ain as  boundary condit ic-ins
of h e-  ir. t ki n -n d f o r  solving tine p m- ib leern -f de li c -mini i cmg t in -- - c- - n -ic - e- -if U is--
i c  , - ‘c  md ap  c - - - x i m e -t I cc un of thee t h u s - l o g dec ths s-mi s obta lc-.c ci w i t h  t tm n c- hi-
dc- emi l ic ice - c-e~c - . c t  1 .

i~~~n e s - ith the - c h i t  i i  c e - c I d e -t e - m m L e e  t n .m- s - ium g c - i f t h e  f r c o i e u n  rock  n t - s s  c - - v c r l n i g
- I l l  - n lu g  r i z o n --l i t  is p o s s i b l e  t n - c  re- f Ir ma t h e  e - c iu e - I ion  f t h e -  h e - c t  b e - I —

m a C e  f - - c -  dl f  I c  n - i - t  sc -ct - icons  of the IT l I t e r  log f i n s -  and by the same t o k e n - n  n c - r e
c- n-c i s e c l v  c c  i c u i c t e  th c c  van- j u t  ic-ni in  t i m e  c - f  thee  w a t e r  t e m p  e - m u t u r c :  a t  v n - e r i - - i us

- i n n t  s of t h e -  f i - - i n - . k e n  c - n - m t  i n g  ti ne -u i th e cmi i c u l m i  i c c n m  of t h e -  t h a w i n i g  dc-1 t e  - s - i t h
t~~. e HycJn - c~c 1 Ic i cm l e g rn - it -- r , m e n - m e C c - n  fimtd t h e e  c c u b m ; e - c i u n - e n m t  a p p  c - c - x i n n n - c t  j o e -  of the-
t h n - u w i i u g  c c  i. , e t c .  S i c c e . Lee st -nrt log data on ti de c- . g in uue - - - I m e - i l  i n - - i n - i  -f  t-

u e - i c  - m r f m c c e -  e-e- t c c - -  f r - - i n n  t c  ac n cc- mend i - c s - c c - w e - t e r s  - i f  t h e -  r e - s e c - v - - I c -  t m e r c u n- u
t i m e -  f i lL  c - l e n; - 

- r I:n - m n s-c c-c knnrmw tn ~c c p  r - - x l n n m m t e l y  at - id m m c  very s i mn n : h f  h - c t  In  I c -i
m u d - - p  I i c m  lcu i n - c t lug  e r - c m  d a r e - , i t s- ac -c decided in cm  lcu 1_ it Ing the- Lin e-rn -nt- I c -c n- ime

- - IT I c  g r - - n i c e n l  m i t e  c - - c l  l ag  - n - i t h  t h e e -  f i l te r i n g  f l - c s -  to l i m i t  - - m i r e - e l v e s t o  t i n e
s i c -  md u p p c- X1n - 1n - et l om i ,

l i m e  r e - e m I t s  i f  c i  l c u l a t i c - m m  n I T  t h e  t e m m n e  c - m a t u r e  ch n -m t - mge -  In t h e  c - - c i t  c - i f  t~~~m t i l -
e - r i n g  e - - r i Z c - c i l  i - n  t he  v a r i u u u s  s e c t i u c n n n - -  —— n i t  t h e  b e - g i n n m n i n g ,  m i d d l e  n - i n - i d  e n - n - id - n - I T

Lime- dam mend In t e e  - - . nL  let window (se-c Figure~ 169) in the  C u r - - c n IT 50 s-ears
- , c-c c - c  e n d  ed cc-a F i g u r e  171. I hosc- c urves  i-n -cc-c a l s o  t m k e u m  as b o u n d ar y  c-~a-

d itions c -f t 1 n c first k i n d  in - i t i i e  re f  i m i c - e l  c e - I c u l i t i - - i n  - - I T  h u e  l i a w l m i g  of t i m .
i c- c -i. c - m n  c -c -ck inn -ss cove-c- mu g  I n c  f i l l  c -_ c - Inig bc - ic- c - s-Ith the hydmau 1 Ic integr-m I - -- r .

- - —:---— .
- 

- - -- -. - - .  F igure- 171. Cham -ige of t h e  w e t  c-c- t e  n fl—
- c - -r i ture In t lm~ in-i Var I°U e- sect i -- inn-

‘1) 10 .~ 
e-f time- f liter ing heir iz on • me — I I n u n - ,

n-i 
~~~~~~~~ -~~ 

- . y ea r s

The se - c - e n d  i m - c u e d e - r y  - i f  the regiomn wine-re a c o n s t a n t  g rou n d  t e mp e r a t u r e-  -if . .mi •
is ; r c c , e - r v e c ( l  s - e s  t i l ~c - t i  a t  n - c d i s tan c e  c f  ui b e iu t  10 m e te r s  f r i - m m  t he  c - c - - c l  of tl .e

I I i t e r i m i g  - - c r  I z e n n . T i m e -  m i t t I - e l  t e c n i i j ; e -  m i t u r e -  d i n - m t r Ihu t loin of the investigated

meg 1 - - n c  w,e ic ei 1 51 as c c u n n c c - d  t ie be Ce -m iS tn-a nit (t — ~ m • 5 )
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- a 
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m i n e  m e -  - u l t s  -~ c c l c u m t c i t  i - - u u  - - 1  ~~~ c ‘. e c : i c .h - n - f  i_ m c i -  f r - -i - n e  c- - c R  m n - m i s S  on c c c  - c”t.
m u m - - i  i - - m n  -n - f  t im e s - e - I - r  In t h n .  f l i t - c - j u n g  i - c c -  i z c ’ n n , - i~ t a i  I e s  ~a se - - c - -ad ap - t r - - p - i c i —

m ule - h ion of t i l e  cLn-r t h e - n -  of l ; . c n - i n m g  c f t 1 e e  n - p r - - n - i c e d , - n -  c - c  - - c t c d  i n  L inen -  f - - r n - n  -f
c i i c c -- n m c : e n - e  - - I T  i c -  ce-n i t  i - - n ;  u c f  I c  - d i n - p  t e s  i n n  t im~ in ‘ - - - n - i - - c m  - c c - n - I  i - n - i n s  I n n  ~he
c- u m r - ~e- o f 51) ‘ / e .un- - -I ce 1 n e t i . c u i , am i d  , m i s c e  ( i i i  i i~ n c c n e n  1 n - e ! - ) - c I T  ¶ u e . C U n -~~~ - f
v m r j m e i  I c - p - i c - f  t t ne  dep tin - -IT t c c m.cl ui g fre m nn m b - c s - c -  u n i t  r t in -- rese -n-v c ,lc- aun ul ul mum u.lur-
lag  t i- ic s n - i n - c -  c - c - i - - u i  ( F i g u m n e  17 2 ) .  O n  l - i c - c S  I .. - IT t i n - - s e  c u e - i n c - c - c t h e  c - un IT l ee-

- m n u t  i on  c - f  t m e  l i e  d c i i n c g  -f  - - r nrin--i f c - - - i e c u  r~- -c1 n - h i ’  t u e  c - - i -  - c--i: ir n - e mcl dam e e l

n - I l ff c - re -mit mom eu clm -m c - f  t i n - n -  is  m - e - - c n d i  ly  dc - p - c - n u u l n e e c h . U i s  i c - i ns ‘ e t  u . s-e e c
m i n t e r  5() - ‘ c - a c - s  of c c r u t  i - - u -  c-if - 

i c - - c  - - h e - c n n - ml c - - u n - i d e - c - m i m i c  ( - c - t i - r e f  th-
f r - - z e n  r - -c k nine  n - c- c - t i l l  s - u I  re- nit n in n in  L e e  f r - - i - - i c  - .t.t-

i i  - 
• - _ -

n--
1. - - - . - - -

~ - /

- - -
-~~~~

- - - -

-d - — :~~~~~
—— - -

- -

- 
- - - ~~~~~~ -
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F i g u r e  172. Change-- --1 t h e -  d- - 1 m - i  f t: m m m - n - i n un- i c e  t u n e  1 -  I nc-
ba - c - c f  t h e  dam end  m m l o c - e g t i n e  ic - n - u gH c - f  t h e -  1 i 1t c -r  l u n g  - u
i m i n  i c c  d l f f e - c-e. n m t  ~ u CL i - - u n - :  I — b - - m i n d  m r y  c- f I . c f r - - p c - ni  s m e l l ;
2 — f i n e - , s u n ; 3 — l u m .m m ;  ~e • -  c - - c l -t t m  f i l t e r i c e - h - - r i - p  c c ;

- T hi c k ne s s  of p ermafrost , cnn -  I c c - i c ;  b - -ed i f  c-~ n-~e rv  - i r ;
c — -r i m u t e n -  of - n - u  c - r i t i - - u  , - n -~~. c- - -

T h c  f e e l i -m s - l ug coac lus I c  - m i e n -  c e - n m  h e d r e w u n  ~m a c- - s uI t  c c l  t u e  ce Ic-a bat ions  • The-
Ih .ewing of ;i - c-mnt e l n - - n - c - m n  c - c c ck nu n e - - ; tn- - nfl be_- b u w  c d i  c C c -  - u n c u t  c - f  C--n y c - C l  i s - c -  c c - c t

xc . u c e g  he I c c - - e n I c e f i l t e r e d wat  t e e -  f r - c m  t m m e  m c - - - i  rv --ir n - clu ing t i m e  filtering
h c e r i n - - - n i  c I i l  -m c c u r  ni l - s l y .  C -imp I i  I c  H c ~~w i n n g  of l i n e -  I c - - n-p en r - -ck nnass wif l .
occur ,c~ te-c - V i  c - - c l  hundred y e - i c - - .  h e -  c - c-f - - re- -- uie- c a c c n c c - t  - xc c C t  rap id ca In—
u ; t r e c ; e h i c  n e d i n n i ,  n u t  - e e l  a m  c - u n - t i m  d c m nni  oni .ic-n~~- - u m m t  -t t h n - i w i m n g  -f I .  f r - — p c - n b an -c -

,a f r - - n n i i s - I  -. .  l i c e i n u u i t i t ; ’  cf  t i c  -c c- s e c - l i m e - u t  - , n - e m n d  t i m e - I c -  Co u c-  e. in t ime- will
be- m b - U . r m m n i u m e . - d r c n l - /  by th e- n - n - - m r  c-  -f H -~ h e w ing  i - f  t ee : ft - - c e n t  n e - - c k  n tesses i n n
t 1 e h~m i f r o m  ~ebn-v e-

The c n e l c u l e t  i - - u i  h e - - e l  if i i - -  1 c m  t i n e  m , i e s sj b j l i t . v of formnulat lug and so bv i um g with
cmi  n - e C C u T . e c y  su f f  id e n d f m c m  r i d  ice c- i ci c le -m s of CotmV ceCt ly e- he n -mt exchange w i t  c c

- e h u m - m u 1 Ic area lyz e-r I -- c - such c- - mmmc I -n - x c c m n d  i t  Ions  as w e -c - c -  - c ssuirned in t i - i c- c c- - i_ -
i c - i nn i c - I c - c -  c - in s  Id - c - - m t  I n c  . e h - m v e m ~



/ I n u v c -  -n - I  igni t I - c c - i f  t i n e  d y m m a n n i c s  c f  t h m e w l n ~ -IT I h u e -  g r c - i u m d inn bard-’ s i c - c  c-c. if

me c - c - e , c -  c - v -- i n . A l t  c- _ c- a r e - s e e r v c c i n  h i s  been f i l l e d , th aw i n g  - - I T  tIn e- r o c k  tnn-a:n -ecee;
st arts in its unclerw,n t c--r art. In  t h e -  b a n k  s l im es- c - I T  t h e  r e s e r v o i r, c-sp ec i n - u 1
by  n e c -  t e e~ s - u t e r i  i u n e , wi n e  c - - i  i _ h e -  l a y e r  of L~n c  u i n d e e r w c t e r  t m u l  i k  t h i n s  n u t ,
such t i u n - u w i m i g  l e ads  to a m a c - I  change of the- reli c-f - - I ’ t h e  uc u c-n c- surface- of the

e - r m m f r -  - c c -  a r o c k  n nme - - ,e-~n - s. In n t he -  r e - s e -n e c  - - I T  c o n s i d e r a b l e-  s lop e- s  on the ue p e r

~u r f acc u - i f  t h m e -  frozen rock mnJ s- c e-S , r u m c - - f f s  an - id  i i  L i c e -  of thawed m - n - ck e - are
p o s s i b l e -  • In c o n ne c t  i - - n m  w i t h  tha t L i i . -  p r o b l e m  w m m s  - u t  - - I T  c l e  t c m r m l n i n n g  the-
ossible very 1 mrg eu s l c c p , u s  of the-  u n -  ,c -e r s u r f a c e  of a f r - - n -p e nn r - u c k  mass  w h i c h

i c - I - m e  as n- c r e s u l t  of t h a w i n g  u - i n - I n - c -  a r e s e r v o i r , wh ich can l e - m d  to the f o rn u u —
t i c - n m  n - f lands I id es , mu n c c f f s  and  c c t h c c -  s l i d e - s of coas t  - .

l i- i c - I r c ’-ibl em was sin ly e - i n  in n-i S m u 1 .  I if ic - -m i manner, l i ne - - -ug i e t  - u t  i i nm e- of th~
b ou n dar y  - - i f  thac- i u i g  ccl rocks m i  t i n e -  s l o~n - e c f  t h e: i c - - f t  b e -m n k c - f  L i n e -  r e s e rvo i r
s - e s  i - b t m i m i e d  as a c- c - suit of L ic e - s o l u t i o n  c-if — c e - s - c - - m e - i  u n i d i n n e - n i n - n -  l o na l  p c - c L l ems ,
thn-n t is , the hea t I ln-m x e in-i hor izontal direct jot-i s-c- c-c - nm - - I  i_ a ken - i  m i t  - m  cu-ins Id-
e - c - m t  ion in - i the- caicub ati- n- m - i — . Inn such an a1p .roach tn - c d i f f e r e n c e  In - i the- them—

tiC . c-c g j i ucu c f  t i n e  d i f f c -  r e -n i t  sect i -n. e of t he  s l c m p e -  was  de -t  e - r n u n i u n e d  mn~ i n b y  by the
t i m e c c l  st i n t  of w a r m i n g  ccl t hose  s e - c t  ions.  The- p r m - ig r a m  cf f i l l i n g cf the

re - .-- c - c -  i r  i - -i sh c - s-ni  on F i g u r e  l 73a in t h e -  f - r m n  of a d ia g r a m  of the  c h a n g e-  of
t h e -  s - u t c -  r h o r iz o n  in i t  in the  course-  of t ime.
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F i g u r e -  1 7 3 . Change n-cf the depth of thawing c-if the gr ound
in s i c :  en - ce-f t h e  left bank c- if a r e s c - - m v c - l r :  e - d ia g r a m  u- i f
the change of ti-ic water hor izon in t ime ; in ~ c - d ia g r am s
u - f  t i n e  change- in t ime of t he  depths of t h a w i n g  c-i f  the
ground , j m r e l i m i n a ry and f in a l :  1 - b o u n d a r y  of f r o z e n
ground;  2 - thawing of ground in the  7th y e - c c -  c f  f i l l i n g
u I  t h e  reservoir ; 3 - t h a w i n g  ccl ground in the 30th ye.er
of f i l l i n g  of t he  c- cn - c e - r v e c i r ;  4 - th awing of g r c - i u u d  in t he
50th year of f i l l i n g  of the  r e s e r v o i r;  5 - sand ; 6 — l c c e r n .
a - Height , m b - Dep th , m c - l ime-, years
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-\ lscc c - n i  d e f l n i t c -  im1 - - m - t cn c c  s - c r  t h a n c - - c n t n  - ‘ i s i t  I - i c - i  - - L  I . e ic -‘ i L - n  i~~ju n ~n-, -- mc n - IL—

t -  c- n,t sect I- cc — u f  t i n e  s l i c e -  a n d  t~ne- d j ffe-r eu mc e of i _ c c  i r  I c e - i m e n - - :  : / - n- ica l
ch ar a c ter - I  I c - - .  h e g l e - c t im ig n - m e n v e c - i l  in s i gm i i f i c nt ~m I m i c c g i  u , i  I t  i -  i n  i _ l e e

~ t c - n m c I u r e  u -I  t h e -  s l e :  c- of t o  1 - f t c  batik , - - n n  i t  we c l i  - I i : e m.- n - i }e .-d t w e -  s e c t  i ue
s - i t b ’c c s s c - n t L u l b ’ i  d i f f e - r i  n u t  scu m s . In  t i c - i ’  b-i c I  c i  t he-  n - i - - n ’ s - - j r  amnd on t }ne-

half c-if Ih n c - e-djace -mnt s i - - c e n i p  to  mm h e  ibt i ct -f 15 ;nc ~ L c - m s  1 1 - ~ l r - c n m , n - i t - i d  i n c  t h e .

h i g h e r — l - ’ i n g  iu ~m 1 f  ecf i _ t ie . s I c - c e- , f i m n c  s a n d  ( F i g u r e  173 ) .  n. . I th  - m i c - h - i - c - - - —
g e u n c -  it y  c m l  t u n e . s o i l s  1- ing - c ci t i m c -  s i c - c e. LaI n - -i. e m l . -- mcc-cumml . i _ m , e -  c - m n - se- c i t

t h m e w i n i g  s-as c al c u l m t e d  f - c c -  50 - - - c c - s  on me h y dr e u m b ic i n m t c - m~c - a t - - r . In  tm ct C - s e -

i t  w a s  . c s s u ms d  t i e  t from the un ‘m n - nut c - f s - e - r m i n n g  e - nn t h e -  n i c - f a c - i  - - I T  t i n - . g r e - u m u i d i
is est .mhl I siu e- n-l n - i I c -t in 1 c - r e m t m m r c  of 4 , - p u e -  I to t ue- as-  e r u g e  an n u , c  i t e n u r e  c - m t  n m c - c -
I t~~c- b a y c - r e -  - -U water near t h e e  l u - - t t c u n  in t h e  r c - - - e I - v - i r . T h e  c - . . u l t s  of t h e

c - fe  - - c c - l ine - cl I c -e - I im im n ary  c m  l c ul e - t  ions m e r e  c - c - s e - n i _ e - - e l  onn Figure 1 7 1 1 -  in  t 1’n e -  f-- c-rn
cf  d i a g ram s  - - i f  t he change-  of the  dc-p -tin of th us - ing of L i m e -  g c - - - n i e c e h  i n n  t h e  c- ma r - c -

- -f t im  • Us i ci g h e -- n n - e -  d Lcgrams s-i t~ e c - n - c n n -  I de -r d i - - u - i  of l i c i  r c -g c - - m f -  c- f i l l i n g
the r~. n— c - erVcci r , s--. dc - t c -  m n -nine tm -ic. sought out I inues of I h -  U - a n n  ~~~~~ of t h i s - l o g
f t c ~ e- g r c c u m i d  ic-i tine s l - c ~ e of tine Ic-ft bank . i - n - do t tm c e t  t h c -  ic . t - of the-w-

i n g  -f I t m cc- g c - c - u u n d , cl c- I e . c - n m I m m c - n - I f -- c- i e l m . ’ c i t  ica l moments u -f t ime- , w h i c h ;  u .  i- i . c i n _

u ine - d from U i m g r em .n- on-i F i g u m c - e .- s  1 73b , m rn cl c f - - c -  d i f f e  n - .- nm t se-c t  ic -n i - i - c f  I h e . s i r
‘ec-c con n i e - c t e d  by a nni e - t e e c u rve- s .

i he- f inn-n I results cml t he -  c ni l c u L m t  inn am - p- r e  - c - c u t e  c i  ‘m ci F iguc -c- 173 in - i - f - - c - n e c
of d Iagrn-ems c - f  l i c e  p c - i s  it lin e n of t i n e . - b c u u n n d m e c - y  of t he -c  log c - f t n - ’  gr o u n d  m m  I n c - c
s i - c  c - - I  ti_i s l e f t  b a n k  a f t e r  7 , 30 and 50 yc-m .m ms from th e :  u u m c - n l n c . u c c  the c- c - - -~ c - s - c - ir
Inc f i l l e d . T h e  f - - I  l o w i n g  r - - v c - - d  t m  be  t i n e -  b m n r g c s t  an g le- s c - t i  inc b loa t i - c  i n - U
Ire - un - p cc- n - n c - f a c e  cf  t h e :  I c - m i e n  c- cR mass: 13 eL L b e c -  7th ‘c- cr , 23° at tre--
.3 ) t i u  and 27 u t  l ine 50th  y e - a r .  As Is c - V  i d e  n d  , in s~ l i_ c  c f  t h c -  f a c t  t f e e -  I i d e

i n - I c - n i —  f ly  of t i c s -j u n g  i d  t he-  g ru cu n d  d e e r e - u n - c u ,  s - l t h  t i m e - , t i n e -  n c - i n b j l m j  1 i t y  m f

f - - r c u n - m t i c c n  c t  runu p IT in t h u e  sin: e n - , M t  t i n e  I- c- en- e u - v -- j r incre c e - u -- wit h-i the c - - n - n c - - c - -
of t ime- . l i n e  I c - - c i i b I l i t y  of thee - f e i r m n a t i - - n m  --IT c - n u n - - I f s  - - i n  t i n e  i m i t e r f e- c e  cf  t tm n - c-

frceze . nm n-end ti u~i s-e:d s o i l s  nnust  be c- c c- i f  I c - i l  b y s~ c - c l - i  g e u t  c- . c c n n  lea I c e  lcu i t  i - - an - n - ,

In  comic lus I - - m m , it n-_ icc _ u Id he- s t r e -  - s e - i n  t~m a t n ; p  cc If Ic Ca 1-cu 1.m t l i - i o n -  e n - I T  ti_i c- cbs ui ge
of f r o s t  con d i h  i - - p u s  as a c-~e - u l t  of Cfi u n s t l u c t  l en -ni bc-caine pa i s s i l Ic l e  i e u l v  o n i  t h e - -
basis of a c lon ce cm ’emb in a t  I c - i of f i c - I d  we-irk on fr - I  suc --in -c- n --lo g w i t h  l m m i m -  - r e - I  - c r y

and  o f f  Ice wrc rk , i n n  the I c - - c e - s i c  cml which I cc - mb umve ’—c on s i de - r en d c - c - h  l e n i n -  c - -  -c - c
simui.itej.

4 • Forecast c - c f  the I c - -nn n p c - -r i tun e - -  R e g i m e  - - f t h e e  in - c lv  - i  n id lta se c - i f  ci lie-rn in
R o c k y  S - - i  is , E s t a b l i s h e d  in t h e  ~ r i m c e - s n -  c - f m l ; c c - a t  lc c nn ,

in t h e -  p r m u c e - n - s of p l a n nin g in  e a r t i n c - n  s - a t e - n — ;  c - e n s u r e -  d ar n  of a n - a i r  -u 1~ CI c- Ic
1 MW e c- s t m t  ion with its u - u s e  and  ends f m s t e m ed in m - - c k  a numbe r c c I ~ m~ u e -s t  j o c t s
connected with the b c e i l e V  i - m r  oh t i n e -  c i m m i i -  i n  t i c c -  r - - i c e - n - m s cf  b c n - n g — t c - r u n i  - ‘I c - c - a t  inn-i
mr i - n - .  . Among the most inn1 ce c - t m n i t e n e f  tine -mn i- n- d c - t e - r r n i n c m t  i c c u n  01 t h e  dc -g r e  c f

f t  i t r al  ion - - f water  f rom i _ t e e  cip 1 . - - c- i n c h - c  t h e -  bower we - I  c - - c - -n- t h r e - iu gh thc-- body u-if
t i m e -  d im , Tim e - c - c -f or e spe c 1 i i  at_ c - nut Ion Is turned h e - n -- r d  t i n e -  erect Ion of .ini
economicic I l y  m c l v i  n i t  m g e - o u s  e n t  i — f l  It r e t ion - i  s c r e - c - n m  C m l  i i i  Ic c - i l c-c -n - I  c - i  in  m u g  t i - i
en - cume - degree the- move-me-n-it m l  w a t e r  t i - r o u g h  t he  d—i mn . l i n e --n - c -  ~l i i c - - t i m m n - n s  i u ca - b e e  n
examl nm€ - d on the- exannm j . Ic - - cf sn i u t  l u - i n - i  of c c c m m e -n - p c c n i d  log c - - e l m  h - n u n -  I c - c -  t i n e -  m e g i o n
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cf t i n e  ma j u c  d istr Ibut iou u c f  ; - e - r m n m m m f r c c n - t  • Ic-c ccur  e x-mi n t ; Ic , mc r-u ckf j ii dam -c - it h
m e g r a ve-l _ l m i .um screen mun -t be- laid on-i th ee t i t u s - -in c - -- c k p base- c - f a r i v e n - f e c  c f • The-

se-s-c- c-c ci j In .et ic c-c-- id it ions inn l i n e  re-g li - rn -if coastruct inn can i c- m d  in thin: c-- ma r n- i

of t ime to t 1 n c  for nm ca t I - n of i-c - r mhm fc - - i zcn i r-ccks in -i the- body -- f the.- th in . If  t n -m n -

I n - c — e r s u r f a c e  m m f  t h e -  • u - n u k c f m e u z e u n  re-cR :- dc - scenic !- he-low t h e -  b u m s e  c f  t u c- d u n u i ,

t h e  fo rmed  f r --zc n c- - re - will fill ti me r o l e  in - f  mu n a t u r e -  I u n i t  i — f  i t t  r a t  I - - f l  Scre en .
In c- - c m n i e : c t  i-- in s- it t b m m t  , i nn  

~
. 1.- en -in i n g ti_t ee- dam i _ b e -  r m u b  b c - - c c m  m r  i n - m n - n-n- of I c -  L i  c - m i n n  ing

ti_ i c e-ss I b i e -  e s t u m b i  ished c o n f i g u r a t i o n  -f t i m e f r o z e - n m  c - - r e -  f - - r u n n i n g  In t h e -  bod y
of t b ~~c dam in t h e -  ; -c - - -cc - n -u s of c - i 1 e - mn - n t i c - ~u .

Ex umu ulpue -u t b n - ’ l c - s - is t h e  predict l i  el mm ste-~edy i_ c-mi e-rmm tn -m c - c - rc-gimn2 in the bod y
and rocky h u n - c  n-if - m dme m of , m h y d r u n - c n - I e c t r i c  cs-cr n-I i t  ion as n-i fumnct I - u i  - -I
var  I c e - m n -  crc n d i t  lor i s  on t i _ m e- surface. . l in e - c n r c - c - - s p  o c u d i m ’ m g c i  I c -~n - i  c t  i oas w~ n - c  u n k c c h i
wi tin m e n El— 12 differ em - it Pm I .-mnn ly e -ce - c- lnste- lie -in m i  the-- he-;, urt mne --nt of G e - c n c m y c - c l - n - g ’.c
of Mc n - n - e c c c  L m n lye-c-s Ity.

Preliminarily, the- r i l e - r n  -f d e t e r m i n i n g  th e  steady t un nm p. e - rm t urc- r e g i m~. a t
the- dam site u i  i c - c -  r i m  t u r - m  I co mi d  II i n - n - n- was so l v e d  In n  m c r d e - r  to s- c--c - if y t 1 e e ~ cc- c- —

r e - c l u e  of t h e  g iven  tc:nntn  er e -t u r e  con dit  io:i s on t h e -  h c - e u n d n - e r I e - - ; of t b e e  ins -e-n-n- —

t i g i t e d  r eg ion ( m a i n n l y  nrc the -  lower bu-ianc lmiry - - m n - b o u t  300 mm c cl c -c - ic )  amid  c - - ru in . a c - c
I r e  r e su l t . - - - L u t e -  inc- in w i t h  the  E l -L i  w i t h  civ~~i i m m b b e -  f u l l — s c a l e -  t e r r m p n - c c r m t u r c :  de-
t e r m i n n ~i i _  ions , A f t e r  thm n i_ , unider c-c l iab l e  b o u nd - iry  c e a n d i t i e n i c e  , t h e -  r u b l e - r n  c f

f - - r e : c c s t i ru g  the  s t e a d y  reg ime - which Is e s t a b l i s h e d  in the -  body of a darn and
in i — s - e r - I s -  ing r c - c k s  a f t e r  co n s t r u c t i o n  m e t  the h y d r n  st ~m t  i c - i n n  is c-n-nm 1-te-d was
so lved.  In -n t t i m t  C c - n - C  different variant s of t i n e  t e- nn i  er u t u r e -  c o m i d i i _  inn ; on-i t’ e-
- - p  c-n s u r f a c e-  m n - f  t~~c - dam were cx m jnii nucn -ci.

/ D et ermin a t ion  of the stetic - imi a ry Ic- mi c c-mc i_ nrc regime - - c f  i dim and rocks along
the line -n - f a sect ion under na tura l condit ic ’t s / . T h i s pr o b le m  was solved in
ti l e ! - b e - n e -  a long tb - ic  l i r i e  of the  sect L--r i , the  m e g  h-in i nves tig~ te -d  w~ - n -  I mi nut ed
f r i --in n ab -ve b ’, t b n e  dcc y surfec e , and the I- u te-r n - mb bnundar i c - n -  were  s e - i c - e t c - e l  a t
such .m die-lance tha t the- Influenc e- of the- river was c re-ct ice- Ily not ce-xn n-ressed
(250-300 meters from the river) • In  connect  i onn w i t h  tha t the  1-c - ob l  nun w , ms
solve- ni on a fairly large scale (n-u n-te- l of 50 me-tiers on-i t h e -  x and  y a x e s ) ,  t’ c c

u~~~er layer  of 1 cc -r n  (1-2 meters) was m n - m t  c m ’ n a n - idered , and t i m e  mass cm f d i e b a s e s
In the base w:m s assume d to be homogeneous in the entire- imnv e stigat ed depth.
Lhe - average mn ’ - nual temperature on the bottom cf t i m e  r i v e r  was assume-U to be
, on the s lc~c1 es of the veil icy the- I c-mpera ture was given in accordme n- ic e- s - i l  h e

t h e  Change of h e i g h t , s t e e - p - m c e s s , exp osure. t h e  
~

1 1- e -~ 
and  c h a r a c ter  of the

c e c v e c - s  and h e - s c e n e - m i t  rocks , and  a t  n - u i n - i c j  t i n  c f  3 5 m )  mete -c -s  b e - l ow  the  l eve l  of
t h e  r iver ( the  los-c-c- boundary of the i n v e - : ct  Ign--ited region-i ) was +1 (FIgure- 174).
Fn-rc-scnted on the sa ne profile Is the  e s t a b l i s h e d  t empera ture  d i s t r i b u t i o n  - - v c - r
t h e e -  sec t Ion of t h e -  1- b . -c nn i ed  dam , ob ta ined  as e resu It of so lu t  io n of thi e r e - l i -
1cm under  c o n s i d e r a t io n . U n d e r  the  r ive rbed  a ~ermeating talik Is well traced ,
and t i m e  thickness of the  1ue r me -f roz cn  rocks under the s ides  c - i f  t h e -  v a l l e y
reaches 300-350 meters. Comparison - - I  t h e -  t emperatures  a t  different d c - - ;  ths
obtained with the differentia l analyze -c- with the data of temperature- measure—
ment s in driliholes showed good agreement of the results .

/ D e t er m i i n c e t l o n  of t i m e  s t n - e t l c - i n n m r y  temperature regime- of the r-- ckn n - m n - f a solid
rock base under different c o n d i t i c immn - c on the surface of a thm/ . In the t - r m - ic c - - s s
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1- i g u r e  174. 1 eurt e r c  t u r e-  f i e l d  in t h e  p b m i n m e  a I c i n g  t h e -  l i n e
c f  n - i  - c - c t  j o n  n i n t h - c -  n . e lu re-  1 crn nd  i t  jc n - n n n -  • a -. R is-c--c-

FI g u r e  - 1 7 5. T emnp er a lu r e  f i e - l d  in t he  b c - dy  and base - f  a
dm u m in i_ he -  c - e s e n n c e n -  of a layer  ci t  w a t e r  mi t  the  f o o t  c - f  a
dn-m m in the- lower race. Scale - on the vertical 1:50: 1-4
-- zer- - in -in lin e-s ~i t  t e n n r n  c - r e - i _ m i r e - e n -  on t h e  s u r f a ce . -  of -5 ,
— 3 , — 2  and  — 1 °C r e s p e c t i v e  l v .

-if - ‘i; e- c - u t Ion of a darn the- t e - m i n u r m tw- e c - c  gim .~ of the rocks f o r m i n g  t u n e  base
s - i c -  I c e -  qua 1 itm n t lye ly. The c :c- c -c t  i on  of a dm im , t he  olden i n n ~ up of t h e -  i_ e r r  I t o r y
adjacent to it and also the a c c u m u lat i o n  of a l a r g e  a mo u n t  c-cf w a t e r  In t he
upper wate rs cons m u  c - a b l y  change -  th~ t - m n n ; - e r - c t u r c - -  d i - n - t r i b u t  ion  In the embank-
m~nt and rocky be-se:.

The c r - t i l e - r n  under  c on s ij e r at l r c n  of tb n e stationary t e - -m ir n c- - re - lu r e  r e g i m e  of the
darn and  s e c t i o n s  a d j a c e n t  to it u-es  solved in t i ne  p lane  pc-c - ; c - m i d  i c ul a r  to  t l u~

n-

line c c l  the -n- -n -ct -ion along the river -‘-Vc -e c- the center of the- ciu enne l. On the
side of t i_ n - i - U; u - e r  an d  Lmc we-r w3te-rs t i c  bou rn d m r y  of t h e -  Invest  Igated  r e g i o n
Passe-cl at  a d i s t u n c e -  of 150 met e - -r n -  f ro m  the  dam , The depth of the- Invest I-
greteci re-gi n-n was assumed to be 300 meters . To reduce the - error during the
d i s c ret i z ~et i - - n m  of the  I n v e s t i gated reg ion  t h e -  step se lec ted  a l o n g  the  x end
y • m x c m was variable , while the st e 1  se lec ted  in the  bod y of the - darn w~ s mini-
nun-i l and e - 1u u a  1 to 10 m et  c - -c - s  (F i g u r e  175) .

Then c- c -f l Ic lent of therma l conductivity of t i n e  dI~eb ~e s Ic in , e n - c - , as in the pre-
bl rni nn -ery problem , we- mn - 1.8 kcal/(m)(hr)(dcegree). Th~~ du em is heterogeneous in



- _ _ aS t - ” _ ’ _ -à 
~~~~ —

I C i  c - m u m ; c -c i t  I - - c m  - - i f  t i c , -  s i n - i l  m i d  is c -- nc c e — n - CC ]  - c f  r - - c k  d i e - b e - s i c  f i l l  and c - - -th
c- h i - h m r i n - —g m - u m s n - ; — l - - u m n i y  c o i i  i -i f  t i e -  c c c - i  n m . The rock f i l l  c i t  b l - c c k n -  ru f  die-ba ses ,

e c n i k s  tm- i  t i c - i  r e s in - c e- of ,e L m c - g~ number of c a v i t i e s , w i l l  t u , i v e  a c - - c - - f l  ic ien t
- -1 i n c - a :  t c - , c n s f e  r - ‘-1 ab o u t  0. c-~ i-c c -u l / ( m ) ( l - i r ) ( d e g r e c -  ) , and  t m ,~ r ock de l c r i n - ~— gre- -- n - c —
lo mmun s - s e n - i l  c c - - n - d i n g  I - - i  i _ m u m  c - u  c u l t s - - f  l , e b o r e t  -

, d - c i _ e - r n n i n , et i- -n-c a l s o  h e - s  a
: f  i c i c -  c i t  c - i f  t i ~~ r w n - u 1  c c e I ~ .ct i v i t y  of the -  -c~m mnic v a l u e- .  c’)

~-i t in-n - f i r~~I be en- c -c e l e r y
( ; nn cl e- r  t i n ,  water), d e-; c- -n ich i ng rn -n - i line n - d e -; t im c - f  t h e ~ - s - - e t c -c - , - u ti - n mm ’~ c - - re -t u re  c c f  0 t--
-f- n- s - n - s  g i v c -- n n .

Imu t hu e ~u m -ce - c - n ace -c i _  t h e  e l e r n  dii f e - c - c- mm l te: nmr n -e - c-atur . - n- -e - er c  U—in it f o r  d i f f c - r e u i t
c a l c u i m t i c - n m - -..  i h e -  age  annuj,ul air I~~m nn n i - c - m I ’ m c - m  in the - Invest igated re-g i n
var i c - n- mc r- ne -id —~~4 

- ,mncl  on t i m e  s u r f a c e - - f  t u n e da m , w i t  in cons i d e -r a t  i o n  - f t he
s - n - c  r u n  I n i p i - m t  luence :  or  - n i e c e -  • it r~ cl u e  e- -i i  b e cu t  — 5

0
, l w e -veer , th ~u n k s  i_ n  inf II  —

tm -m t i- - n c mn -i w ic-n en-umrmne-r c-cCI~ i t n - i t n  1c m - in -, fr- n -rn . d i c u v m  P m  ben -dy -f the - dnem i n- i n t e m u —
s iv - ’ ly  - e - c m m e d  n -n d  th cm , i v e n n g  , in r u u e - l  i _ c - - m n  c - c - c l  e n - r e  on t i n -  s u r f a c e  can  r i u - b y

2— 3 °. Sc cm nce - wn- e rmning un -f t he  d u n n  can cn -ccur  me lso d u r i n g  t h e  I iltr t iort of w a t e r
f r - i m  t ine  u c  p e-r w , i t e - m - - t h r - c u g i n t b n e e -  n- C c - i  c r 1 . In  connect i - -ni w i t in n - - l i m i t  e - u  - s,u id

m ini_e ve , t i n - n -s i : i e  n- t he  ce- lcu l ,n - t i - - m i  in w h i c h  i _ h - u s e -  w e - r i f l i n g  f a c t - - c -  - w e -r e -  c m - t t a k e n
Pi t - - con s i d e- r a t i o n , crc i c u l m u t i c e n s  a iso  s-c- re - me-de e u n d e r  t h e -  c o n d i t i o n  I f - c t  t i ne:
u s - c  c - a g e  i m n n n m e - m l  t n e n n m :  e -rm’e tu r e s  on the  s u r fa c e  of t i_m e dam a re-  — 3 , -2  df l d _ 10  r e-
- e c - e - I  i v e - l v .

In mi ddit i-- ri , v a r i a n t s  nf  th e -n  th e -r ims -u 1 r e g I r n e -  m n - f  tin e -damni were.  I n n s - c  -t i g e t e d  mn - n-
ci funic t inn n -f  t i - ic  c n n d i t  ions at t h e  - f m u c m i _  of the Un -em in n the l c c w e - c -  w e - t e r n -.
I he fir n - I  - c - n e-s cf crc Icu in - u t jeans w , m s  made s - l i _ d m c c n - m n s i d e - r a t  Ion of t i c f ac t  t f n i t
e t  t h e . -  f o e n - t of t i_n e drm nin t i n e - - c - c -  in; ii 1 iy e :r  of w~i t e r  c f  2 — 3  m ste r:n- , Im e c t  i n - . t h e -
t emp e : r a t ’m p - e s-as  a s s u med  t -  - be t he  s,emc n-is cn - cn  t h e  s u r fu e c e  of t h e  clam . I n  i _ b u t
c, n s e -  , in t h u  b o d y  c - f  t i e - dn - e m more -  severe  I c - n i l  c c - i  tore cond i t  l c mi :n -  s - i l l  f - - r m u n  and ,
c o n m -c c - q u e _ - n n t  l m ~~, n - u t h i c k c - c -  f r - - i c - m n  c o r m  • As in t i m e  1 : r e - l i m i m u m c - v  r u c b l -  muu , in the
i c c - n - c - e r  b o u n d e e r y  ( c m l  a d e n - t i n  of 300 m m m c n - t e c - s )  a t c-m; m c - m t i m c - c  ccii *1 s - e s  g i v e - c c .

l i - s- c - s - C- c -  , in C e c ~u t r , e s t  w i t h  n s - i t u c - m  1 conc l it  Ions , to  wh ici - i c c - c e -  t c - - n u n ;  c c - m t u c - c - s
cc r n  - -; - - a d , in t h e e  g i v e - m u  cue - - i- the- +1

0 
isol in n will ass s o e - n d W h e m t  he- los- 350 m.

Con-i c nu e-nntly , such mc I c ’ s-cr boundary condit iotm n lii the- gi v e -un ce - sc -- will l~- im d  t c c

ne - f - r i n C e t Ion c - f  p -~r m a f r c - i e  ci r c c c ks w i t h  e somewhat sm.ec l i c -  c- t in i c k n e - e - : n -  and  by
t i n e  sn-c mne I - u k -  mu w i l l  c rea te -  m m rn- mn - c - t i i n - n re- -n - c - c -s- c - f a c t o r .

I h e -  r e - c u l t  - c - f  t h e - -  f i r s t  - - c r i e s  - c i  c n - u l c u i a t u c - n n -n- , e r e  ; r e - - n - c - n u t - e d  on F i g c i c - e  175 .
As m i  b- - s - en- f r o m  t h e i r  e - x e - m n u i n n , m t  ion , inn  t he -  case- w i n e - r e  t i m e  a v e - c - m g e  m c n n num i  I tern —
r e - r i t e - r e  m c l i  t i n e  sur f ice  c u t  me d i ~n Is  a s s u m e-i t e ,  be ~~O t i-ic - i c - c -  i so l  i n ne - -  (Fig-
u r e -  175 , c u m r v e n -  1) ; e - n m c t r a t e - - t c  - e d c-1 l i u c - f  m n l u m c - e  - t h en  25  m e t er s  bc n - i  c u r  t h e  b-ic n - c
m m f t m  ‘1 nm . line- f e - c r m i n g  I r c - z e n m  c- e r. w i t i m  cc - i n n- i d e r e - b i c -  w i d t h  and  c c - c n - s s - - -cect ion
of 11cc - n-tam is mn r e --liable nature-i - - cr c e - c m ,

i s - e ver , mi t t - uuu n e c - - e t u r e -  on h u e  s u r fa c e -  of ~ 3~-i m i r  h i ghc-r  t h e - Ze-- c - - n -  i s m e l  i n l e -
(1- igur e 175 , curves 3 -- f m )  re-ma In within i _ l i e  1 Ic-cits of the -  bod y c- it t he dm em and

f r o z e n - m m  r - - c k s  o b v i - c u m ; l y  w i l l  not cxi -n - t  1 - - c - m m~ e m n m - m c t  l y  there , but will depend com-
ic I t n t  e. ly on - c - c  - , e cia 1 f lu c t u , m  t c - of I e -In J ee -r a t u rc  an d t h e  in f  111 r u t  i c - m i  of w,e rmmc
sunmier p r e-c i; itat 1- i nns from above .

1 hi- n- , c-c - m i d ]  m n - i c r  i c -s of ca l c u i m e t  ions wee ; n n i d on lin e - , e s e - n - i thlj t Ion the-i at - i  d l s—
tm e! lce -  -- 1 5 meters f c- -n fl the darn n- c sma ll levee- with a height of u;. to 5 nnc --1 cc-s

467
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in - i~~u re- I - - . in - c n n , - r , n t : ; c - c -  f i e l d  i m m  t h e  l m - c d ’ i  a n n - m i  h - e  - --i f - m c I : m
i n n  1 t e -  e - b s e n C e  - c i  w m t - . - u m l  i t s  f e c - I . c - n - r h  l c d  m n - c m i e -, 1 : 2 5 :

— — —  i c c - e m  i - m l i n c - s at l e n i n ;  c- tu ne -: on tin e - ‘ n c - f cc -f  — 5 ,
— 3 , — 2  m d - l C  re-st c - c t i v e l y ;  ) — Ic -V i e .

n-- I l l  b eun c m - - u t -  ml , - mince w i n i c i n  h i - - c l - c s t i - i c -  m c c c - - -  c - i f  n - m t - n  h - - i  i_n - n e-- f a t  -f  t c ~ - d,u n :
(F i g u r e  - l i b ) .  i n  t i n  i t  ca - - c - , cu ’- n c l i t  i n n s  a t  the  - f - - I um f t h e -  - 1 m m  i n n  1e

S i t e  c - s  mun - - - r e -  54  v e m  t i n - n  in t h e-  f i r s t  sr - r i m  - - --I Ce- I c , i l t i n n s  s - i l l  1e--e-d I- n - ci
- c u b e - I  n e t  i d  i n n c c - c -- u s c  c e I ~ t i n e  t n - i c k n e s s  m f  t h e -  p - n !nn, u ui i- - : s m - c ,  m - - c k  n - mn u s  c c - - n - .

- -cc e ’ \ c r , i n -  c - c  too  m e t  a n - nu n:  c - , e I l c - e  u - i f  — i ~ i_ h e i n - m c - ’  i s — n - l i n u c -  m e n - u c i n - e n, I ce b n - m — e
f t e e- ci mmii an -i d t~ c - i  c- c e n - m i n c e  of c - rnn i m f n m L e n - Tm r--ckg - n - cm 1 n ,  me - mI ir c -- c~ c- i gl I  -f the-

d a m  c n n - - t he g u i c r e n N  e d .

It ‘- i l l  t n - - c m  t h e -  mc n-m INu -n- f  t)1c c :  e - l i m e V c - — u i m . ‘ c r i i c - J c - c l c u i a t i  -n - m s t i m , m t  i f  t n
jri fl l t n e t  I om l - f n -n e-r ein n - u l n u f l n s n p r u - c i t  i t _ i o n s  n - nnd I’nc - w u rnn liui g f t c e -  d i m  c n n - n - e n - c l -  - -

n - j I b  t h e t  a r m -  . c b - m - u n t , t h e - - n  mc - g c i rd iu ss c - f  t i n - i -  n- c-sm-nice -f ‘ c c l  c - c -  e t  I ’ e I c c u t  i n n
i t n - ,  h m - d - ’  in t i n e  r e c e s s - u i  1 - - e n ~ c m :  c-r a t i - - m i  - m t h i c k  f r - - i c - n m  c r - n -  f - - n - n i - i - n--h i - e - b n  e m —
in c-ac e’ s I c e - Is u e c - I  the- d am , u n d  n c - c - s - cS a n -  a w l n - l l i  r e - - il - e b l e n r e t - c t , l  .m eu t i — l u —
t r , t  i n - n  n - c c - c -c- ui . I n n d c - - r  t i n e -  c - u m u d i t  l e n - n m  t i n . i t  t n - C - i c - t e e - c  c c l  t i m e -  d une n-i n - i d  - c - n - u i n u n s
n e . ,- ,e r  n - I  a r c . s - c c - m e d by - - e u m n u l e n n c - c i t  l t d  i c - n i ’ , h e el is , t i n e :  t unic c - n e - t u r i n -  i n n —

c r c - - i — e n -s i_ n  — , t i n e  f i - r ~~ m t  i c - i n n  - - 1  a f r - m i e n  C - - c - c  - n  t l u c - c - n i t  ic - c - I c e  i ght  -‘I lh
dam cannot  be g c i e - r m n i t n c : c n -c-1 n m n n b - u . m l l  c - m c l i t  i u m n e c . - - u n - -i - - , n , i f  i n n  t i n t c~m n - c -- ci

‘n - u u c e b l  b c - y e - c  n - c - s - c u m I n - n -  l l c m e c c e m s ,  - c i ’ s - u t — n  t m - i  1 1 u e -  f i n - c - u  -~~ h u e -  chm nn j u n I n ,  1 u 
- -

n - - u tt e rs , a 2 3 —  t i n — m m- t im c -c - .- f--c - nun :. ( b i n - e l - - n -  t i c -  he- n - c -  lIne t i n )  \cm llch t r i l l  ex . -t
i - c - m n - cm e - nil I’,. ut a t - nu t i - c - a t t u n e- c f  — 2 cn n t i m e  - u m r f n - i c m -  a h r  n e --n c - - r e  f - - r m n s e n - n i y

i n t e - n - e l m  - e  nc c -  - c i  s - c h i c -  n i t  t l u e  f -  - t  e ’mf I n c  c n e m i i c n n k m n e n t  a n d  m e - m e t e r  C c - c - I , i  i n n  c m ’ a —
d i t  1-- ins  c m i i i , e s - j U t - n I l  lv , n - e m - s - c  n - e s  i c c  c c i i . i — f i l t m  ut i o n n  - - c r e - e - c c ~ F i n  c i i - ’ , i n n  I l u a l
C m c s e , i f  t e e  w a m m i n i g  w i t h  sumun-ier 1 r e - c i n  i t - m t i c .l .s is  e - x I n  u n c - l y  i c - u t  c - c m s i v c -’ , a n - i d
, m l s e m  - -  mum n-~ e l m n i t i t y  i f  c e - c t  w i l l  ~~i c n c - t r c t e  f r - - n m  l i n e -  u~ e-m ~ s- u I c - r s  s - i _ t n  t e d,

f i l t c . c - e i  w i l t - c- ( I n  tha t cisc - : t i c e  tem ~ 
. r u I n - I c - c -  m c l i  l i m e  e u c - f n. n - p  Lhe-- in rum C e - s

e m e ; s U f l~ed i _ c c  be: _ j ~~i
) , ~~~ r e m c k - c  w i l l  i n - - i  I ’ m ’ - c c  c l - c l i .

l i nu s , i . e - r I l i n g  f r i - i n n  I n  e l f l i _  - - I  v i e s -  t h e e - I  t I m e -  f - - n n : c - t  I - - e m  -li - c f r - - i c - u i  c - -n - i i s
t i c - -  crui b i ’ - f e - n  I n n c r c - - , f i i t c - , e t  l i e u  t h r i - u g f i  ( I n c  h e n - - t v  I c e  n- l~mnn n , c-- n

- - c - me m c u mbc r  c i t  n i n e - m e - u n — s  w h i c i n  W I l l  C - - m c i _ c -  l l m ’. i t c - -  I - - - e  -c-cry re-i ic -I I - - n m m d c l  i - - c c
- - I f r - u n -  in m e n ~ l i n e n  e n i t  Ir e - he Ight -‘1 tim e- c-l en i n : 1)  inm. - c .- - uul ’ e - - I-- I c _ - c m l i c e -  us - c - c - u m~e

an n u a l I t - m u 1 • - m  i i .  m m m c - - u - n  I l i e n -  :cm r f e cc m n - f  t h e  m j e t d n m 1 - m c r l  cf t u n e m l e ~~ ir e- n ec-dc -e l.
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‘r~ rio h e  1 in n tim e n--i n_ c r t line it  i- des i rrcb lc - tc ’ t i  m um- - ‘ce - f r - m u m  th e  - n - n c - f a c e :  the--
— n - n m - - n - -  cm - y e  c- re \ e  - n u t  ing m e  u n nn- i - c - c- - s - i n t e r  core l ing ; 2 )  i t  - n- - m e -  Id be de-s irabl c- . to
I s i e i a t c c  sor n i e h m n n -  t i m e -  s u m i a c e  c - f t i_ n c dam f r o n m n  t ine -  ; e - u n c - - I r c t  Inn rn -f r e -c  i n  I t ’ d ions
i r i s ic i c -’- t h e -  dn - m nn ; 3) it ~s m it - i c - e b l e  t o  ma in l u in v e ry  co l d  cuand i t  i - - n r - , it  I n c  ton-n-I

‘ f  t u ne d u m  in thc - 1 - - n - - er wa t e r s .  To do t I m , ’ m t  i t  is n i e c e - s n - a m y  to c - c V j d r  f’n-r t e e

Ce- n u n - I r e -c l  i--n of mc i n - ’  levi- c- wh i c h  r e ’n- - cn t .s t i - i c -  e - C c c - ;s  e-f w e - I c - c -  t e a  tu n e  f n - n - i _  en -f

t l - i e -  d l , c c n i . 
-

:C t  t n t ; nut e- t m a  t i n c - second c- m r hint , i i i  s-h ich t in  be-d y of t h e -  dim w i ll be In
t ee: the-we-cl state , should n - c t  be ignored . In that ce-se , rn-ri t h e  - c n t r e - m y ,  it
is ne - c€ -s-’n - n - mry to  m d c - ;  t i l l  measures t o  d en - s - i i_ c- the - in - i-m t ermu ture- in ttm n - c - - body of
t e e  d c nun ~ In th e c whi t c-r it is dc-s jr-in- bie to mccx iunn- c 1 by incre - i n - e n -  t h e-- th ic knnc --ss

I sn- s c - n - s - - i - c -  • In t h e- lower waters It is neCes-n - n - m ry to c r e a t e  a c - - n u n - t a u n t  l e -y e r
of s-a t e -m w i t h  a det tin of ce-n-I l e s s  t h e - n  l _ f m  m n - i_ ems . In ad d i t  inn , it  is nece-ssary
t o  ex c i u d e -  a n y  . - - - r t  of w n - i l m - r - i n s u i a t  ing co a t i n g  op -i th in -n - s u m f c m c e  of t h e  da rn 1c m
m n r d e - - r  t o i n n - i -n- - c- t h e e  m t  i b t r m e t ion of t h e -w e d  r ci p it r n t  ion s  in summer be m a x i ma l .
Ti n - c -  s c - - i c e - I  ion - i  of a g i v e n  v n - c r i u~n - ; mus t  be- mn - i dc --n iy  a f t e r  deta i le d  c- ic lculat I- c-
m in d  c e -m i n i a n n -- c m  of l i - i c - - In n - -cc  v a r i a n t s.

5. Pr e d i c t  Ic- in  of C h a n g e  of F r o s t  C o n dit  i c - i n s  U n d e r  Embrn n kunen t s  oS  ri Funct i n-m n
c - f  t I n e  Ut~~-. e-m B o u n d a r y  T etm~aema tumes

U; t o  now 1r e - d  ic t  ions n-cf ch an g e  - - f  ; . e m n n - i f r - i e  mu r o cks  u n der  em b a n k m - n -m it s  a n d  In
d i t c he s  ( n e - s - c -  be - c -ce c- unit i l c d  by c~m l c u l n n - i_ i o n s  e x t r e -n n . ly  m n - i c - e l y ,  i u c oj u s e -  i nn e n - u c i n
case ii is n u c c c - - s s a m y  to s o l v e- a l a b o r i e c u s  t w o —  cr t b m r e - c - - — d i m r n n s  u -na I ; c- - l u l e m
- f t h e  - f r e - -n- in- t r i g amid t h a w i n g  mn - f r c u c k — e . -\ secon d t n - n e t - c r  s-n ich has  b orng  h e l d
boc k so lut  i - - n - i  of -p u e  n - t i c - m m - n- - ‘ I i c r e - d i e t  i c - u n  c - i f  t ine c han g e  of f r o s t  c o n d i t  i ons
u n d e r  e r n ! s m n k m e n t u ,  is d i f f i c u l t  I c - - s  in  d e t e m m i n i n g  th im v a l u e - s  of t h e  s u r f a ce
ti - m et , c- c- tu r in - -  wi-i j e . i  ir e an un c - c -  b o u n d a r y  c- - m cI i t  ion.

An e : c r t  e c u  Ice-d, mu n d in p e r t  Icular an c- nnmb e - n ci-Cm m cu n l , h a s no hea t source ,-c  an- i  i n - n -
mn - m i r e d  -f s i n -  l i e - . T h e - m e - f e - r e  the  forma t i-n -n of f r c n - s t  c on d it  i - - n u n -  w i t h i n - i i t s

limit s occurs , n-es under ne- turn - i l c o n d  i t m - m n - n- , unde r  t i n - c - :  i n f l u e n ce  of an ent ic-c
c - -n i ;  l i x  c - f  n n t - u r , u  I f e - c t - n - r e -. Consequent  by  ti-i c m v ~m i l a b l e n -  r - - i c c - n - d u r e  f - cr deter-

n n m i n m  in -m g tin e influence- of geologica l anil ge-mn-graph i c  f a c t o r s  on t h e  t n-m i ec -~u I ’ e-c-e-
reg ime of soils can be used In c a l c u l a t e  t he  bu aundm ’ c r i  t en~ c-cra te - re-s in t h u
reg ion e-f an  c e - r i _ h e n  bed an d , i n n  c c - in icu i c r , on -in ernih anlun ent .

A 
~ 
re --diet ion e-f change- of f ro s t  c o n d i t i o n s  under  emba n k nw m it  s can be c-siu~ 11cc-i

net tine - basis -n -I the re--suits c - f  a frost survey. In the ce-mi h a t  ion - - i f  such a
r e - d i c t i o n  t he  n l n n c l p le of c o n n - t r u c t i o m - i  cat  the- embankrnent mu s t  be determined

f i r s t  of a l l  • A t  I Imes i t  is s u f f j c i e - n m t  f o r  th ii _  to  de-te-rmnine the direct Ic- n
of the --  f r c c s t ~ m c n - c e m -e-n- , w h I c h  Is c h ar - i cc l er i , e e l  by the c o n d i t i o n s  on the  - c u r f e - c e ,
am i d  In a number c - f  cases , in c- i determine the c o n f i g u r e - i n  ion -f the- f c - c c~~e -n n and
t hawed rocks  In the reg i c c n n -  of t i m e :  ennbn-c n kj nent in t i n e  r e g i m e  e s t m i u l  in -b e d  a f t e r
cr-instruct j d m f l • In  t h e  second s t age  of comp i l at  ion of the  f o r e c a s t  I t  is ne-
cen -n-sary to determine t h m e  cc-)nflgurmet ion of the- frozen and thawed rocks w i t h
cons I d e - r u t  ion of t i ne :  p lanned inn - m n - u n  c-cc , the rate of freezing and thawing , n- end
a l - m m  the te -m 1 m e r a t u r e  reg im e- of the rocks In the regle -in if thi n- embankment. Fe-ic-
cex e m i m b e , we- will examine th- case- where the t- . - ic nn ereture (-in the- :n-m erface Is
pos it lye m e n - i  by on the slopes of the embankment.
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T I m c -  dc -n;  c - - n m c - l i - n u c c  -I~ tin e -  l i m i t  i i n g b c e m n ; m c - l u c -  i c - - s - - I  c - i n n - c u i n c - - n-- t e n t c -c - c k - c  i n n  t m n e -  b - - d y
e n n u i  I c  u - c -  c m f  n - en  -i m c m t c - u m I - c n m m c  n t  ‘ sn- - c- surf n -uc c t c- mnm ; c - r n - - I n n - u -c e - c m n m d i l  io l nn - ; was in .1

t m .’ n n n c - d e l i n g  n - i n - c -  v i e - s  u - i f  u - c I i I - i , - n mm —n - c - m n  a d i f f e r -  n i t  i - - I  e - n e - u l - : n - c - r .  L I n - c e  I c c -  r u in c i  by —
s ica l char~e c t e n - r i s t  ics  i t  t I n e -  r i - o k —  i n c  l i c e -  t u e - s c - -  c f  t i n - c  c - m m m l m a n n i - n n c n c -  n - i t  m i u n d  en-n m d —
j n - i c e - n t  - - c - c h i c - i n s , mmmcl n i - n - -  t h e - i c -  t i j c k n m e - e s , a r -  t v c - n ; t  c - n - I  j u n  l [ r i u m l c -  I~ 7 .

1 m m  t n - tn- s o l u i t i - - n n  t i n e  f o i l m u s - i n u g  s - m i n t -, n- c n n , t h e m  - im v~ c - m g i ,  - i m n n n m u m e -  i l e n i n -  c - r n -m t u r c -.-, -cm c-e-
n -i d- n - ;  t e d :  c - m m  ~m r - - n - i d b e - d  — 2 . 2 , m c m i  s i - ’~ c n n -  - e .80 n - c r d  c - m m  s c - - c t  ion s  e - c - l j e - e - e- n - i t  t o  n u n
embankment , —0 .3 , — 1 , — ., e - m - i - i  — 3

0~ T h u  i c - i n - c c -  b- -- m , m n - m u l , m c - i  c cn -n d i t  i - -na  we-- r e - g i n - c - - n
at a dcc I n  -n-f 150 m d c , c-s i n n  u ccc e rd e -nnce n - -l i_ h the he-nun; - c- ’ei_ ur e grm m d i - nut s exist ing
in I n c  n - cg i - n n -  • I n n  cmi icu h u t  i c - u - us i _ n m :  he-  i g hh  ci t t h e -  e-n n i t mmnkunc n n - t un-n - ms - im s n n - u n m i c c d
to bc-n - 1.1 ni le - c -n - ,, ami d b i n (  s l e - c - -~ umc: n - s of t - - s h in - n - c - -s 1 : .  l i n e -  g e - ti tle: s u n - tn - es amid
I n - i c - g e :  h e i g h t  - - i f  i _ b c -  emIs nkmn net en-crc i _ n - m i n e - m i  b e - c e - un - n -c t h e -  g c - m  u i _ e r  t h e  -h r  i g n i _  - -f
t i_ n e e u n u l n m u n - k m e n t  c m id  t i n - c -  mc n -re -  g e n i I  ic -  I t - - n- S l u m ;  cs , t h e  gr ~ m m  Ic-c - l e m~ c- ii in i lit en- - -f
t i _ m a w i m i g  tin - c h ein - u v l  1’] ice-i rocks  in  t i n e  b . u  sc -c in - f  l i e  c m b c m n k m e m i t

T i - i c -’ c-e-e - u i t s  e n - f  s o b u t  i - s m  u - i f  t ha t  n -e r  i e-s - n - f  1-r e-b le  in c c - c  c - c - -, - , c -nut e- n - h  mm ~~ F iguc-e-
177 . -tn -ic lye- I - - , en -f  l e n t  c - e n - u  lb s  s I u - c s - s  t i n - n - i  in t i n e  oss j t m  h i t  y cf t h in - i- l u n g  r — - c k -s in n
t h e -  b - u s e  c f  m in i embankment  d e n - e n d s  - i n n  tine- r n - n - t i n  n - f  t i n - , i_u icl~m c - ’~ t c -- umn:  e r c t  c m i -  -

c m l  c -eleme-nt s of i ce -  e - n n n - l c c m n k m n ’m e - m i l  a nd  the  sect Ic -ins  J e t j u cc - n ut tn- -a in -t  n - m d  n - c l e n -  l i n e n -
I im ens ions  - - f  i _ i c c -  re- g ic en : ,  n-n- c e - r e -. t h e n n n - c- t c e n m l :  c - c- a t e - c - e s  n m c  ‘

~ - ii .

/ C 
n-
~~- -

- 
n-’ F i gu r e -  177 . B cn -un dam I c - - - f  t 1 ce  -frecz—

ing c - f  c - - - c k -  i n n l i c e  i n - c O y  mu - i d b e - s e  of
an embankment  at  cc C u m n - , n - t n - u  n u t  t~ in tbce-

- - c-mbn -en ckmei -nt : I —— _ 2 .2
c i

; ~~ — _  + - c ~
-- n-i t d j ff c - - rn - n - m n t vn -ui ues -f ~~ thee n- m d —

-‘ ~- j a c -  cml - -~~ ci  j u n - i n  I I I :  1 —— 0. 5°; 2 - —

- 
- -b .U ; I - - d

cu
; - -3.0°.

n-J -J nJ w

As t u t  ca lcu h it  i m c r m  s s h m  c s - i - c - i , umider tIn -- - cond i t  i d- ins um i d e r  corn- i e tc - - i - u t  i - - n i  a I an-
ing b u s  In  a lways  f -r m m t- n- u n d e r  t he  s i - c ;  e c - f  m i m i  e-n nbinkm ncn t • De~-e- nnd bng - m e - t c u
corre I~u t  lie-i cj  th ee b o u n d a r y  t enut era t m i r e ,-- - , th I tm c e w i ng l i e- s in  ce-n bc- small and
be situcted mebove the ba se cf the e-m h~enkrnent • At higher Ic m m mc e-r m t u re s a p c-cr —
m i - c l Ing n -end n u n-  e t c  rn - ire -b y a n c m n — 1  c - - rmc -- a  t ing I c ilk f u c m m s  u n m d e  r ti n e -  cmb e-nikinc - c ’iI .
i n  t h c u s c  c m  se-a a c - - r e - of c-c -m a f r  e~u c - u n  r o c k - n- f e - c - n u n s  i n n  l I c e  bc — dy i - i f  tin -en- embankment .
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4
An o lys  i~ of the ~h t a  ised model l u g  di  to i~~ws tha t t h er e  or e  cr it Ica 1
r~it los 1 t h e  av e r a g e  annua l t ern ;  ~r i t I r t - ~ •f rncks iii t iement  s of the em—
bankm~ nt  and a d j a c e n t  s~ Ct ion -~ at  wh ich th aw i og  of t h e  er m af r oz e n  rocks in
t h ~ bas~ of the  mh nkm nt  s L u t  ~~. At t emj raturn~ C lose t o  the  C r i t i c a l
ra t  in a sui~ 11 add i t  io ’ta I elLvat i n  of ternj  era t u rn s  can lead to  thawing of
rock . , in t he  base of t h e  ernh :~kj nent • F o r  ic & rnha nk zn ent  w i t h  a he i ght of 1.~
met ers  a c r i t i ca l r at  io was f o~ind in wh ich on a roadbed the  average  annua l
t emj cr a t u r t s  ‘f t he  rocks are _~~~

•
~~~°

, oa the  s1~~ +0.8° and  ‘ri S ec t ions  ad-
jacent  t o  t h e  emba km oit , —3 C.

F ’r  t h t  v a r i a n t  In wh ich  t h e  verage annua l tern~ ~r~ turcs are ; os i t  ive o n l y
on s l o ; es , f i n d i n g  the  c r i t i c a l r a t i o s  of t enij u r a t u r e s  a t  which  t h a w i n g  of
the  rocks in t h e  base of t h e  embanicnent s tar t s  nu kes it o ss ib le  ta substan-
t i a t e d ly  a; uroach th~ ~c 1 ec t i o u r  ‘f the  ;r i n c i j le of c o n s t r u c t i o n  of an embank—
iu1 a~~t of a c e r t a i n  h e i g h t .  If  th awing  of j~~rm a f r o z e n  rocks is obs3rved in the
base of an embankment , i t  shou ld  b .~ erected w i t h  c o n s i d e r a t i o n  of the  thaw-
ing of rocks , and  if  t h a w i n g  ought not  occur in the base of the emba n kment ,
it sh ’a l d  be cons t ruc t ed  oa the r inc i j Ic of j~r eservat  ion of the pe rnu f rozen
rocks.

D e t e r m i n a t i o n  of the  c oa f i g u r a ti o n  of the froz en  and thawed rocks in the body
‘~f the embankment was obtained as a result of solution of a series of problems
at different r a t i o s  of the average annua l temperatures on elements of th~ em-
bankim nt and adjacent sections. In tha t case it was found that at average
annual temperatures hi gher than the critica l in the body of an embankment
(under a slope) a thawing basin forms. In a number of cases a thawing basin
forms with such a form at wh ich intensive creep of the slopes of the embank-
ment must occur. The same thawing basins probably also form under the sloi ns
of ditches. If the form of the thawing basin is regulated by conducting land
improvement measures , it is possible , evidently, to achieve a reduction of
the intensity of creej of the slopes.

To estimate the stability of an embankment It is very important to know the
rate of thawing of the rocks. Ulgh thawing rates are observed , as a rule , on
sect ions where the warming influence of the surface and subsurface waters is

- • great. On such sections the subsidence of the embankment due to the thawing
• of heavily iced rocks in the base can reach 3 m~ters In 4 years of operation

of a road. If the Influence of surface and subsurface waters is excluded ,
the rate of thawing of rocks will be considerably lower.

In the ca lculations of the thaw ing and freezing of rocks under cons ideration
it was assumed that the embanianents were constructed on b arns. The question
of with wha t it is advisable to j our the embankment Is a comp lex one. As
construction experience shows , one of the best materia l for pouring emba nkments
Is gravel-p ebble and stone debris soils , as in that case the processes of heav-
ing of rocks and creep of slopes are not strongly ma ’~ifested. However , u ider
embankments coastructed of rocks filtering water well , th~ thawing and subsid-
ence of rocks in the base will occur more intensively as a result of the warm-
ing influence of the infiltration of atmospher ic precip itatlons and the pos-
sible appearance of subsurface waters. In particular , during the construction
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4
of embankinerits of pebbles or rock debris the changes of the perm]frozen rocks
will be substant ially different from those obta ined In the calcu lations. For
examp le , in the body of an embankment the core of frozen rocks can not form
and in the base of the embankment a perennia l thawing of rocks will be observed
a lmost alwa ys. In the case of the pouring of an embankment with loaflis and
clays a reduction of the rate of thawing of rocks in the base of the emba ik-
ment w i l l  be observed , and in a number of cases even a preservation of perma-
frozen rocks under embankinent s, bu t a t the same t ime the b arns are  i n c l i n ed
to heave and creep.

Of great interest are the designs of embankments proposed by N. A. Peretrukhin
(1958), who recommends on permafrozen rocks pouring embankments from above
with gravel-pebble or rock debris soils with a th ickoess equa l to the layer
of seasona l freezing or thawing , and below , in the core of the embankmen t ,
loca l sandy b arns and clays containing rock debris. Such a design excludes
to a considerable degree the heaving of rocks and creep of slopes and at the
same tinu contributes to preservation of permafrozen rocks or reduction of
the rate of thawing of rocks in the base of the embankment.

6. Solution of the Problem of Protection of Fluvia l Deposits Aga inst Freez ing
by Means of the Creation of an Artificia l Ice Body

A considerable portion of placer gold deposits is located in regions where
permafrozen rocks and deep seasona l freezing are widespread. In connection
w ith that , enormously Important in the application of the dredge method of
working placers are questions of the thawing of frozen and the protect ion of
thawed rocks aga inst deep winter freezing. At the present time the methods
of artificia l thawing of frozen soils (sprinkling , fil tration-dra inage , water-
needle , steam-needle , artific ia l thawing with remova l In layers , etc) have
been worked out relatively well and are being widely used in pract ice. How-
ever , In some cases it is economically advantageous to create artificia l ice
bodies to protect fluv ia l deposits aga inst winter freezing. Ca lculations of
the thickness of such an ice body and of the reg imes of flooding with water
have been made for the rivers of the Vitimo-Patomskoye highlands.

The industr ial part of the placer is a lmost completely situated with in the
limi ts of the riverbed and shore. The alluvial deposits represent well-rolled
boulder and pebble mater ia l with sand and gravel filler and fine sil ty sand.

Pebbles during thawing have high filtration capacity. Their filtration coef-
ficien t varies from 100 to severa l hundred meters per day. In sands the fil-
tration coefficient is small and amounts to I - 10 meters per day.

On all river sections where the depth of the water by the start of freez ing
does not exceed 0.5-1 meter all the alluv ium and the upper part of the bed-
rocks are in the frozen state.  The tota l thickness of the permafrozen roc k
mass in the channel evidently reaches 10-12 meters.

Let us note tha t the appl icat ion of hydrau l ic  methods of thawing (needle and
filtration-dra inage) is impossible under the given conditions because of the
rap id current of the river and high floods , the cons iderable number of boulders
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In a l l u v i a l  depos i t s  in the upper parts of the 1 rafile and the low fil~ rati ’ei
properties of the rocks in the parts of p lacers near d ms.

Under  those c o n d i t ion s  It is a d v i s a b l e  to preserve aga inst  w i n t e r  f r  e~ lug
the illuvi al deposits in the channel and on the river banks by creating an
ar t i f i c ial  ice body which must be f ro z e n  by th~ feeding of layers of water
of cons iderable  th ickness .  As a r e su l t  of p r e l i m i n a r y  calcu l a t i o n s  and t ak-
ing  account  of the tec~mica l possibilitie s in  the  g iven  co n d i t i on s  a t h i ck -
ness of the  i n d i c a t e d  layers  of water  of 1 m et er  was ado 1. t ed .  W i t h  such a
method , in w i n t e r  onl y the wa te r  of “fb oo ds ’~ must f r e e z e , and the bo tt o~n de-
p o s i t s  rema in thawed with  a t empera tu re  close to 0°.

To d e t e r m i n e  the necessary t h i c k ne s s  of the  ice bod y and se lec t  the  most ef-
f e c t i v e  reg ime of f l o o d s  of water  and i t s  f r e e z i n g , w i t h  an IG -l  h y d r a u l i c
in tegra to r  an i n v e s t i g a t i o n s  was conducted of the dynamics  of f r eez ing of the
f lo o d a b l e  laye r s  of water w i t h  a th ickness  of 1 meter under different flood-
ing c o n d i t i o n s .

The time of investigation is taken from the moment of the first flood , which
occurs simultaneously with complete freez ing (about 15 October), to the onset
of positive average dail y air temperatures (about 1 May). The water tempera-
ture in that time interva l can be assumed to be pract ically equa l to 00.

Starting from practica l goals requiring the obta ining of results vith a def in-
ite guaran tee , in conducting the investigation under consideration it is ad-
visable to adopt some assumptions leading to a very slight increase of the
thickness of the ice body and at the same t ime sharp ly simplify ing the ca l-
culati ons. In connection with that the following are excluded from consid-
erat ion :

1) the susiner store of heat available in the underlying ground , which perm its
regarding only the flooding water as the area of investigation;

2) convective heat exchange in the water layer in the process of freez ing;
3) the presence of a snow cover , since its thickness in the region of inves-

t iga t ion is not gr ea t and , in addi t ion , it is blown away to a considerable
degree.

The Investigation was conducted for two methods of freez ing an ice body under
the following flooding condit ions:

1) the flooding occurs after complete freez ing of the flooded layer ; 2) the
flooding occurs after freezing of the upper 0.5 meter of water of the preced-
ing flood.

The results of calculations of the dynamics of freez ing of flooded layers of
water in t ime for the two cases of flooding are presented on Figure 178 (curves
I and 2 respectIvely). In the case where the following flood occurs after
complete freezing of the preceding (curve I), by the end of March an ice body
with a th ickness of 4 meters forms , and , consequently, to preserve the under-
lying ground in the thawed state It Is necessary to freeze a little more than
4 meters of ice.
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In the second case (curve 2), when the following flood occurs after freez ing
of only 0.5 m of water , for the same purpose 3 1-meter floods are known to
be adequate , and by the momcot of complete freez ing an unfrozen layer of water
with a thickness of about 0.3 meter rema ins in the lower part of the ice body.

The ga in in tota l th ickness of the Ice body obtained in the secoad case can be
explained as follows.

In the first case the freezing of each alternate portion of water occurs in-
tensively because of its closeness to the day surface. In the second case,
however , the layers of water a and b (Figure 178) start to freeze In the pre-
sence above them of ice cushions with th Icknesses of 1.5 and 2.5 meters re-
spectively. As a result of that the rate of freezing of layer s a and b dimin-
ishes considerably, which also leads to a reduction of the tota l thickness of
the ice body. It is obvious that a further reduction of the tota l thickness
of the ice body also is possible through reduction of the thickness of the
frozen layers. Under the conditions for which the problem was solved an ice
body does not have a cooling effect in sunmier , as it will have been carried
away in the time of powerful spr ing floods.

Technically an ice body can be created by pouring water into “baths” bounded
on all sides by water-impermeable ridges of ice or soil. Either r iver ice
or water-impermeable frozen soil must serve as their bottom. Their form and
d imensions must be determined by the contour of the section of alluvia l de-
posit requ iring protection aga inst freez ing, the microrelief of the section
(the slope of the bottom) and the techn ica l poss ib i l it ies of feed in g la rge
portions of water into the “baths” in a short time. The one-meter layer of
water must be poured in a few hours to avoid its freez ing in the process of
being poured.

Thus it is possible to protect aga inst freez ing both sections where by the
moment of complete freezing some layer of river water Is preserved and sec-
tions completely drying up by the moment when the winter freez ing starts.

Some difficulty is presented by the retention of the water of the first flood
on dry sections of the r iver and its banks. One should make transverse and
longitudina l levees here of loca l soils. From the start of frosts the bottom
of the sectioa being protected and the wall of the levee, to avoid filtration
losses, should be encrusted with ice with a thickness of 5-10 cm. After that
the first flood occurs. On underwater sections of a polygon the first flood
must start after complete freezing.
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Since the second and subsequent floods occur in a t ime of s t r o n g  f r ost s , a t
t ha t  t ime It is not d i f f i c u l t  to f r eeze  s i d e  r i d ges of a n y  dimension. The
water must be f ed  rap i d l y  in to  the  c rea t ed  ice rese rvo i r s , in la rge  p o r t i o n s.
This can readily be done by means of pumps with a capacity of at least 100
liters per second.

7. C a l c u l a t i o n  of E s t a b l i s h e d  Temp era tu re  F i e l d s  Around Underg round  Ice and
Soil Reservoirs

In connection with the construction of undergr oun-~1 containers of ice and soil
in regions where permafrozen rocl~s are widesprea d , of grea t i mp o r t a n c e  Is ca l-
culation of the temperature fields in the ground surrounding the container.
Together with such characterist ics of frozen rocks as the granubometric com-
position , moisture content, etc , the temperature factor is one of the main
factors affecting the strength properties of those rocks. In connection with
the fact that cooling of the product before the container is filled greatly
increases the cost of the ice and so i l  c o n t a i n e r s , the ques t ioa  a r i s e s  of the
possibility of flooding the reservoir with petroleum product with a positive
temperature. Therefo:e in planning an underground reservoir under the given
concrete conditions the main task is assuring a lo~ temperature (optimally -2
or _ 30) of the Ice coating of the container and the surrounding ground.

• The problem of the temperature reg ime of permafrozen rocks surrounding an ice
and ground reservoir , during the multip le flooding of l iquid into it , is in
princ iple a non-stationary problem of therma l conductivity . However , the
question of the possibility of operating a reservoir buried beneath the layer
of annua l fluctuation s can be solved by determining the temperature field es-
tablished around the reservoir in the case where the temperature of the li quid
at the center of the cross-section of the reservoir remains unchanged .

It is natura l that the formulation of such a question is possible only for
regions with a ground temperature not h igher than the limiting (-2°). In
regions with a higher ground temperature it is necessary to accomp lish special
mea sures to increase the strength properties of the soils (for examp le , sys-
t ematic purging of the reservoir with frosty air in the winter t ime, etc).

• These questions can be investigated only when there is a solution of the non -
stationary problem of therma l conductivity and are not examined here.

In connection with the great length of a reservoir it is advisable to regard
the given problem as two-dimensiona l , neglecting the heat fluxes along the
structure. With the exception of the ends of the chamber where the tempera-
ture distribut ion will be more favorable , the solution of the two-dimensiona l
problem will practically not differ from the three-dimensional.

/

Everything said above has the result that investigation of the temperature
fields of the rock mass surrounding the underground Ice and ground reservoir
can be conducted with a model EI-l2 differentia l analyzer with some approxi-
u~ tion. If it is taken into account tha t the li quid , ice and soil are homo-
geneous, the prob lem under considerat ion is described by a system of three
equation of art elliptica l type with different (p iecewise constant) conductivi-
ties.
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in connection with axial symmetry (the curva ture of the vault can be neg lec-
ted) it is advisable In solving with the instrument to take into consideration
only a fourth of the cross-section of the reservoir and the ground surrounding
It. It Is natura l that on the axes of symmetry equality of the heat fluxes
to zero is given. On the boundaries of the investigated reg ion , which must
be selected sufficiently far from the reservoir , it is possible to assume the
condition of constancy of the ground temperature. Given as a boundary con-
dition at the center of the section is a constant temperature of the liquid
equa l to its temperature at the moment of pouring . If the fact tha t the liquid
is poured into the container many t imes is taken into consideration , that re-
quirement will sufficientl y reflect the rea l picture and the solution in that
case will contain a certa in reserve. There will be a still greater reserve
in the case of solution of the problem of fuel conservation. In tha t case the
Increase of cross-sectiona l dimensions of the ice and soil conta iner brings
the calculations close to the natural conditions.

With the proposed procedure one can readily calculate the stationary tempera-
ture fields in the reservoir and the ground surrounding it in the presence of
different cross sections of the conta iner and temperatures of the liquid . h ow-
ever, since ice and soil reservoirs will satisfy all the requirements during
operation if the temperature of the ice coating does not exceed -2 , it is
more advisable to pose the reverse problem. In that case , being given the
t emperature of the liquid at the moment of pouring, it Is necessary to find
the average ground temperature at wh ich the coating will have an opt ima l tem-
perature. On the basis of calculations made at different average annua l tem-
peratures of the ground it can be concluded that at a temperature of the poured
li quid of +2 and +10 ice and soil container s can be constructed in regions
with temperatures not higher than -2.5° and _4

0 
respectively. Increase of the

d imensions of the cross-section of the reservoir leads to considerable warming
of the mass of rocks and has practically no influence on the solut ion of the
quest ion.

8. Prediction of Change of Frost Conditions Around Buried Pipelines With
Consideration of Changes of the Surface Temperature

Quantitative investigation of the dynamics of the temperature field in perma-
frozen ground around a pipe with variable heat release, laid at a small depth
from the surface, presents cons iderable difficult ies. Even under certa in
natura l assumptions relating to the temperature field in a p ipe (in particular ,
tha t the temperature on the p ipe wait is a function only of time , varying
similarly to the air t~ nperature) the problem is reduced to a two-dimensiona l
multifront Stefan problem for a complex region. It is obvious that in select-
ing the region of investigation it is advisable to take into consideration
the sysmietric character of the problem in relation to a vertical line passing
through the center of the circ le. At the same t ime the presence of the hor i-
zontal surface of the ground, and also the horizontally laminated heterogeneity
of the round make it extremely difficult to introduce cyl indr ica l coordinates
in solving the problem. The applIcation of known substantiated algorithms for
th. solut ion of such Stefan problems requires large expenditures of both pro-
gramer and machine t ime. In addition , to assure finding a solution
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wi th sufficient 1 recision it is necessary to take a variable step on the co-
ordinates , making it smaller near the p ipe, whereas the entire region of in-
vestigations , the d imensions of wh ich are determined by the zoae of disturb-
ance in connection with the gas p ipelin e and surface conditions , must be suf-
ficiently large. In connection with that an important role is played in the
investigation of th~ problem under consideration by analog computers wh ich make
it possible to obtain a solution of a mul t id imens iona l S te fan  problem . Pr e-
sented below is an example of the solution of a concrete problem of the dy-
namics of thawing of grounds around the p ipe, and also the course of freezing
of the formed aureole of thawing in order to solve questions of the heaving and
subsidence of ground under a pipe.

- — ~~~~~~~~~~ Figure 179. Results of calcula-
( ;  t ions of the dynamics of thawing
j \: H and f reez ing a round  a gas pi pe-

line: 1 - maxima l aureole of thaw-
~~~ / _ 

¶ ing (on 10 November); 2 to 4 -
H/ ,’ / ‘-‘i 

~~

‘ ~~~~~ sition of the zero isoline dur ing
:
~
. ,t/  (

~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ freezing of the aureole of thawing

r -‘ ~~~~
— on 1 December , 24 December and 1

- - February respectively; 5 - maximum
I of freezing (on 3 June). Thawed

• — ground at the moment of start of

Li ______ ______ 

operation is shown by hatching .
i ~~~~ 

______7_____ 
—

The p ipe was laid in permafrozen rocks with an average annual temperature of
close to -0.4 • In its profile the ground consists of a laminated hetero-
geneous med ium made up of three layers with a substantially different mo l-ture
contant and thermophysica l character istics. A condi~ Ion of the third kind is
specified on the surface, and of the first kind on the p ipe walls. It is as-
sumed that the zone of Influence of the p ipe does not exceed 20 d. The break-
down of the region adopted in the calculation is shown on Figure 179. In the
course of the winter period a change of thickness of the snow cover character-
istic of a construction process (0.2 meter) was assumed. The gas p ipeline was
laid in the winter period inside a ta lik with a thickness of 1 meter. Since
for the regions under considerat ion the hea t output in the annua l cycle greatly
exceeds the input , the warming Influence of the gas pipeline will be greatest
precisely In the first year of operation. Therefore in making the ca lculations
we will limit ourselves only to the time Interva l including one interva l of
positive air temperatures.

To obta in maxima l thawing around the pipe the gas temperature is assumed to
be equal to the air temperature with a correction for solar radiation. The
depth of the pipes was assumed to be 1 meter. The results of calcu lations
of the dynamics of the temperature field around a p ipe with a diameter of 0.5
meter are presented on Figure 179, from which it is evident that the aureolç~
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of thawing toward the middle of October (the maximum of t h aw i n g )  embraces a
considerable area around the gas pipeline. During subsequent freezing of the
summer aureole of thawing , first occurs a joining of the fronts of freezing
above the p ipe (the layer of seasona l freez ing from the surface is joined with
f r eez ing  f rom the p ipe).  Then occurs f reez ing of the  aureo le  of t hawing  d i r e c t l y
under the p ipe , and l a s t ly  the thawed rocks on the side sect ions f reeze.  The
reduc t ion  or the snow cover dur ing cons t ruc t ion  leads to reduc t ion  of the
th ickness of the  t a l i k  f a r  from the gas p ipel ine .  If at the place where the

r ipe is l a id  there  is a t a l i k , the aureole  of t hawing  increases sha rp ly through
latera l expansion .

On the whole It can be concluded from the calculations under consideration
that  regardless of the tempera ture regime of the soils, during the laying of
p ipe a t  a depth of 1 meter under the given c o n d i t i o n s  the  depth of thawing
on the axis  of symmetry is p r a ct i c a l l y  determined by the gas p ip e l i n e  i t se l f.
In add i t ion , the lay ing  of p ipe in winter reduces somewhat the thawing near
the  p ip e  (up to 30 cm).

6. Approximate Method of Calculating the Thickness of the Layer of Seasona l
Thawing (Freez ing) of Soils Around Buried Pipelines

In connection with the intensive construction of p ipelines in northern regions
much Importance has been acquired by questions of the interaction of a given
kind of s t ructure wi th  permafrozen soi ls .  One of the m a i n  ques t ions  of t ha t
problem is t he i r  thermal in te rac t ion. In that  case of cons iderable  in te res t
is the case where the temperature regime of the transported product is deter-
mined by the seasona l a i r  temperature fluctuations. Then in the soils sur-
rounding the p ipe l ine  forms a layer of seasona l thawing  ( f r e e z i n g )  which is
of grea t imp ortance for  the s t a b i l i t y  of the s t ruc tu re,

As a result  of therma l interact ion of the p ipel ine wi th  soil s  i ts  tempera tu re
reg ime varies a long  the length of the p ipe. The depth of thawing  ( f r e e z i n g )
under it changes correspondingly.  The problem of v a r i a t i o n  of the t empera tu re
reg ime a long  the length of a p ipe l a i d  In f rozen ground and , consequen t ly ,  the
f i n d ing of the  size of the thawed zone around the pipe wi th  cons ide ra t ion  of
the influence of the surface is a complex three-dimensiona l problem of mathe-
mat ica l phys ics, the solution of which in complete volume is difficult at the
present time. Therefore, t ak ing  in to  account tha t  the  hea t f l u x  in the ground
in the d i r e c t i o n  of the pipe ax is  is many  t imes smaller  than  tha t in radia l
d i rec t ion , tha t problem can be broken down into two with a precision adequate
for prac t ica l purposes:

a) determination of the aureole of thawing around the p ipe at the given tem-
perature reg ime of the heat transfer agent for any section of the pipe and

b) determination of the variation of the temperature regime of the heat trans-
fer agent along the pipe length.

/Determinatlon of the depth of thawing under the p ipe as a function of the
temperature regime of the heat transfer agent!. When a p ipeline is laid
below the layer of seasona l thawing (freezing) under natura l conditions the
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influence of the  s u r f a c e  of the  ground ou the  tcn~ uraturo regime of the  s o i l s
under the  ipu depends e s sen t i a l l y  on i t s  d iameter , As c a l c u ij i t ions w i t h  a
hy d r a u l i c  i n t e g rat o r  of the sys tem of V . S. Luk ’ yan ov  have shown , a t a dia-
meter of the  1 i1- e lin e  of a t  least 0.4 meter the i n f l u e nc e of the s u r f a ce  of
the ground becomes neg l ig i b l y  situ 11 • I f  t he  p ipe l i n e  is la id in s u f f  ic ient b y
homogeneous ground , then wi th  a p rec i s ion  h i gh for  r ac t ica l ~ ur 1 oses the

r ab l em  can be assumed to be ax i sy f line t r i c  and , con sequen t ly ,  f i n d i n g  the depth
of t h a w i n g  ( f r e e z i n g )  of the  ground under  the  p ipe is reduced to  solving a
u n i d lm en s i ” n a l  S t e f a n  pr oblem.  i”wever , as is w e l l - k no~rn , even in tha t case
i t s  solu t  ion under  v a r i a b l e  b oundary  co ; id i t  ions can be ‘bta m e d  on1y wi th a
c ’nl I u tu r .  The a~~ r c ’x im at e  f~ rmulas  used in lr a c t  ice for  en icu m t  ing the  ~onc
of t h aw i n g  ( f r e ez i n g)  around p ip e l i n e s  are  based o~ ass um 1 t ion of constancy
~f the temp erature  of the hea t t r a n s f e r  agent , which  shar 1 ly l i m i t s  the  pos-
s i b i l i t i e s  of t h e i r  app l i ca t ion  under  na tu ra l c o n d i t ion s .  In c o n n e c t ia l  w i t h
that i t  is necessary to c rea te  approximate  for m u l a s  which w i l l  make  it ~ ns-
s i bl e  w i t h  p r e c i s io n  adequa te  f o r  p r a c t i c e  to c a l c u l a te  t he  a u re o le s  of thaw-
ing  ( f reez  ing ) ar  un d  p ip e l ines  w i t h  con s idera t ion of u ’t s t e a  d m ess of t h e  ir
t emp e rat u r e  reg ime.

We will examine the formation of the  au reo l e  of t h a w i n g  a round  a ~~~ d ine  w i t h
a r a d i u s  r in homogeneous ground w i t h  an average a n n u a l  t emp era tu re  i up on the
condition that the temperature on the p ipe wall varies according to a sinu s-
oida l law w i t h  an amp l i t u d e  of o s c i l l a t i o ns  A and a P e r iod  T equa l to  1 year .
The dep th of t hawing  of the  ground under  those  c on d i t i o n s  iii t h e  f o r m u l a t i o n
corresponding to the P lane  problem cait  be calculated with formula (—. .i.--~) ‘f
V . A . Kudryavtsev.

The d i f f e r e n c e  of the axisyninetr ic problem ‘f t hawing  of t h e  gr I ’u ~id a r ound  the

~ 
i~ d ine in comp ar i son  w i t h  the  p r ob lem of t h a w i n g  ‘f t he  l a ne  s ur fa ce  ‘f th e

ground in essence consis ts  in the f a c t  t h a t  the volume of t h e  t h i w i a g  gr and
is determined by the  volume of a h o l l o w  cy l inde r , and not  a p ar a l 1 e 1 o p i~ ed.
Therefore  the  hea t cycles  dur ing t hawing  of the  ground a round  a I l u l i a . caa
be expressed through the reduced va lues  of the  hea t ca~~ac i t y  and  1 hj se  t r a n -
s i t i ons  fo r  the corresponding p lane pr oblem .

Thus , if the i n f l u e n c e  of the fo rm of t h e  l i m i t  ing su r f , c~ is t ak e n j ot  c ii

s ide ra tion , it is poss ib le  to  obta in  an expression which w i t h  ad e q u at e  ~r~-
c l s ion  connects the  a u r e o l e  of t h a w i n g  around the  p i1e  (h )  w i t h  t h ~ depth f
thawing of the sur face  of the ground ( i ) .

As was shown in the work of V . A. Kudryavtscv, V . C . Kn n d r a t ’yev and  V . C.
Melamed (1971),  to ca l cu l a t e  h it Is s u f f i c i e n t  t i  s u b s t i t u t e  iii I rmula
(4.1.4) the  va lues  f C and Q~ 

w i t h  the  c o e f f i c i e n t  h + d ,’d. Then t h e  maxi-
mal aureole of t hawing  in the’ground around the p ip e l i ne  in a p e r i o d i ca l l y
es t ab l i shed  reg ime is determined from the equa t ion

h
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In the indicated work a nomogram was compiled with that formula wh ich makes
it p oss ib le  to determine  the depth of thawing under a p ipe h as a f u n c t i o n
of the p ipe d iameter  d and the pa rameter f wi th  a precis ion of within 10-15%.

/Ca l c u l a t i o n  of the  depth of seasona l thawing (freez ing ) around a p ipe line
w i t h  cons idera t ion  of change of its temperature regime along the pipe length/.
The change of the temperature  reg ime of the hea t t r ans f e r  agent a long the p ipe
length L can be ca l cu l a t ed  In the fo l l owing  manner , We w i l l  break the length
of the underground section of a pipeline inuo severa l elementary sections.
On the basis  of the given amp l i tude  of o s c i l l a t i o n  of the temperature of the
transported product at the start of the i-th elementary section (A;) , the
known tEmperature of the soils ( t )  and the i r  thermophys ica l properéies O~and C) the depth of thawing (freezing) h1 

was calculated with formula (9.6.1).
In that case at any point of the pipeline the annua l heat cycles in the ground
surrounding the  p ipe per running meter of Its length amounts to (section 1,
Chapter 4) :  1~- t (h ~~ : 1)  ~~~~~~ -

~ 
Q~) 1z , j~

-H t ~
!- (2 --- ) / 2 L~k 1 ~~~~~i}

it Is obvious tha t at k =  k, I + 1 represents the heat cycles in the ground
a t  the s ta r t  and end of the i -t h  elementary section. The tota l hea t cycles in
the ground around the p ipeline in the j-th section with the length L. is

Q ~~~~~ L~. (~~.6 .2)

On the other hand , since the temperature within the pipeline at any point
of it varies according to a harmonic law, in half a year the p ipeline on tha t
section loses half the heat, equal to

Q l C ,, (:1 1 
~
) - (9.6 ~)

where VC r d is the flow rate of the transported product, kg/hr and C rod
is Its h~a~ capacity, kcal/(kg)(degree), Having equated (9.6.2) and
(9.6.3), we obta in

.- i •  A - ~~~~~~~~~~~~~~~~~~~~~~~ (0.6. 4)
2VC~~ T

The thus-obtained temperature regime of the heat transfer agent at the end
of the i-th section will, be the Init ia l oae for the following (1 + l~-th section
on the basis of it the temperature regime at the start of the (i + 2)-th sec-
tion is determined , etc.

Equation (9,6.4) at the given va lue of is transcendental with respect to
A 1+1, as it conta ins the unknowns Hi+ and A , which in turn depend non-

1 m 1~ 1
linearly on A 1+i. Therefore the solution is found by tria l and error. The
unwieldiness of the calculations hinders use of the obtained expreesion in
ca lcula t ions  of the change of the tempera ture regime of the transported pro-
duct a long the p ipe length . At the same t ime that ca lcu lat ion can be made
far  more simply if one is given the drop of ampl i tude  of the transported
product 1~A and the corresponding value of L1 

is sought. In that case on the
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Figure 180. Nomogram for ca l c u l a t i n g  the depth of seasona l
thawing (freezing) of soils around a buried p ipeline with
consideration of the variation of its temperature reg ime

along the p ipe length : 1 _
3
5 -- t 10, 6, 3, 1, 0°C ri~~1 ec-

tively; Q,~ 
= 40,000 kcal/in ; thick lines d 0.325 ..., thin

d = 1.42 M.

basis of the known amplitude at the start of the sect ion (A.) and at its end

(A
1 

- L~A 1
) h

1 
and and q

1 
and q

1~ 1 
respectively are ca1~ula ted , where

h
1,,,1 

h(A
1 

- h A
1
) and q 1~~1 

= q(A
1 

- hA
1
). Af te r  that the sought value of Li

is found directly from the cor re l a t ion  f lo w i n g  f rom (9. 6.4):
2 \ h.t ’

L — — .

Since in the comp ilation of the heat balance the heat cycles In the ground
around the gas p ipeline in section L

1 
are averaged (see formula 9.6.2), the

precision of calculation of L1 
increases with decrease of ~A 1

.

According to the indicated scheme at ~A 1 
dA — constant > 0 calcu lations of

the values of h 1 
and L

1 
were made on a BESM-ô computer

i 1 , 2 ...  1~
1 ~t~J ~1P~~ 

Al = 1°C ,

*The s ign [s] designates the integra l part of s.
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FIgure 181. The same as on Figure 180; thick lines d =

0.529 in, t h i n  -- d = 2.50 m.

A = 500
, t = 0, 1 , 3, 6 and 10°, (~ = 40,000 kcal/m

3
; d3

= 0.325, 0.529, 1,42
and 2.5 m; A = 1 kcal/(in)(degree) (hr); C = 800 kcal/n i  ; V = 100 ,000 kg/h r ;
C r d 

= 0.99 kcal/(kg)(degree). The results of ca lculation , presented in the
f~r~ of a series of curves h h(L) and A = A(L) at all the values of the
input data under consideration , are presented on Figures 180 and 181. The
obta ined nomograms make it possible  to determine the amplitude of oscillation
of the temperature  of the hea t t rans fe r  agent  and the depth of seasona l thaw-
ing (freez ing ) of so i l s  under p ipelines of d i f f e r e nt  diameter  a t  a n y  d i s tance
from the sect ion of p ipeline with a known temp era ture  reg ime.

As foll ows from the nomograms and formula (9,6.4), more rap id reduction of the
amplitude of oscillation of the temperature of the heat transfer agent along
the p ipe length and , consequen t ly ,  the depth of the seasona l thawing (freez-
ing)  of soi ls  under it , occur s dur ing increase of the pi pe d iamete r  and the
heat capacity and therma l conductivity of the ground and reduc t ion  of the f l ow
rate and heat capacity of the gas , and also of the absolute va lue of the average
annua l tempera ture of the ground. The above adopted set of values  of p ip e l i n e
diameters for which the present nomograms were constructed is connected with
the fac t  that , as the ca lcu la t ions  showed , the inf luence  of cha nge of diameters
on the dependence A(L) and h(L) weakens with increase of d,

During use of the presented nomograms it must be borne in mind tha t they were
compiled for f ixed va lues of V and C rod ’ 

and also for A — I kcal/(m)(hr)(de-
gree). It can readily be seen, however , that the obta ined nomograms can be
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u~ ed directly for any values of the i am meters  V and C d d i f f e r e n t  f rom
those ado~ ted in t h ~ nomogram. To do that it is suffi~~~ nt to multi p ly the
Va lu of L obta m e d  with the nomogram s , cor responding  to the given drop in
atm litude , by a corr ect i n  factor equa l to VC 

r 
/99,000. However , if A ~

= 1 kca~~1 (m)(hr)(degree), then to f ind the  de~e~~ ence A(L) it is necessary to
create nnmograms similar to those presented .

B I B LI OG RAP (1 V

1. (;~~l~ vk- , ¼ (• D. “Method of Calculating Thawing Basins in the Bases of
ho ildings Erected on P e r m a f roz e n  So i l s. ” “ fr u d i  Vsesoyuznogo NI ITrans-
s t r ’ ’., ” N o  lL e l .  Moscow , 1958.

2 . Za mo l o t c h i kov a , S. A . ,  and Melamed , V . G. “the Rate of Thawing of SoUs
Coder I n d u s t r i a l S t r u c t u r e s  W i t h  Lh ,w er fu l Sources of Hea t in N o r t h e r n
Regions of the  C o u n t r y. ” I n :  “Merz lo tnyye  i s s l edovan iya , ” No 12. Izd-
vo 11t , 1972 .

3, Kudryavtsev , V. A,, Kondra t ’yev , V . G., 
•
and ~‘1elamed , V. G. “Approximate

Method of Calculating the Thickness of the Layer of Seasona l Thawing
(Freez ing ) of Soils Around Buried Pipelirie .~.” Ibid., No 11 , 1971,

-+ . Kudryav t sev , V . A . ,  Melamed , V . G ,, and B a k u l i n , V . P. “Pred ic t ion  of
the  l emp era tu re  Regime of the Bod y and Base of the Dam of the  V i ly u y s ka ya
Hydroelectric Power Station , Established in the Process of Opera tions .”
V E S I N I K  MOSKOVSKOGO UNIVERSITETA , SERIYA GEOLOGIYA , 1963, No 5.

5. Kudry avtsev , V . A., Melamed , V. G., Golovko, M. D., and Trush , N . I.
“ Inves t ig a t i o n  of the Therma l Regime of the Body and Base of the Ear then
1)am of t he  Salekhardskaya  GES in the  Process of Cons t ruc t i on  and Opera-
tion,” In: “Merz lotnyye issledovaniya ,” No 1, 1961.

6. Luk ’ yanov , V . S.,  and Golovko , H. D . ~‘Raschet g l u bi ny  p r omerzan i ya grun-
toy” LCalculation of the Depth of Freezing of Soilsj. Moscow , Trans-
zh e ld o r i z d a t , 1957 .

7. Melamed , V. G. “Solution of the Problem of the Temperature Regime in a
Medium W i t h  P e r i o d i c a l l y  V a r i a b l e  Phase State .” IZVEST IYA AN SSSR , SERIYA
GEOFIZIKA , 1960, No 6.

is

484



Chapter  10. Bas i c  Pr inc ip les of Frost  Survey ing  and Ma pp ing f o r  Pu rposes
of a Geologica l E n g i n e e r i n g  Frost Forecast

As has already been pointed out , the forecasting of change of f r o s t  co n d i t i o n s
In connection with construction Is possible only on the basis of comprehensive
study of the regularities In the formation and development of seasonally and
permanently frozen rocks as a function of a complex of natura l conditions and
the  product ive  a c t i v i t y  of man. In other words , the f o r e c a s t i n g  of f ros t  con-
d lt iou i s in the  process of produc t ion  act i v i t y  obl i g a t o r i l y  assumes the s tudy
and u n d e r s t a n d i n g  of regularities in the formation of frost conditions of the
territory under consideration on the regiona l and zona l levels , that is , study
of the regularities in the formation and change of frost conditions over the
territory in connect ion  wi th  ex i s t ing  and changing na tura l cond i t ions.  Those
regularities are studied Inthe process of conduct ing a frost survey. Because
of that a forecast of change of frost condit ions can be compiled only on the
b asis of frost survey data and cannot be reduced to thermophysica l calculations.
The compila tion of a frost forecast in connection with construction must be the .
concluding stage of a frost survey.

Consequently it is evident that the examination of questions of f r o s t  survey ing
in the given work Trust conclude with the baoic princ iples of a frost survey as
the  pr inc iples of a f ros t  forecast.

The r e su l t s  of a f rost  survey are presented in the form of reports and geologi-
cal engineer ing f ro s t  maps. The da ta of rep orts  conta in ing  actua l and calcu-
lated m a t e r i a l s  are the s t a r t i n g  da ta for  the comp i l a t i o n  of a f ros t  forecas t
in an investigated region and determination of Its distinct ive features for
different landscape types as a function of the specifics of the economic devel-
opment. The extent of the frost and geologica l engineering characteristics of
rocks in a regular connection with complexes of natural conditions , stipulated
in the scale of the survey, is taken from geologica l engineering frost maps.
In connection with that , in the present section of the work it is necessary
to determine the pr inc iples of f ros t  mapping and the use of f ros t  maps for
frost forecasting.

The princ iples of frost surveying have been published in a number of works
(Poltev , 1963; Baranov , 1965 ; “Polevyye geokriologicheskiye issledovaniya ”
[Field Geocryologica l Investigations], 1961, etc) and very completely described
in “Metodika kompleksnoy merzlotno-gidrogeologicheskoy I inzhenerno-geologi-
cheskoy s”y~ nki masshtabov 1:200 000 and 1: 500 000” [Procedure of a Complex
Hydrogeologica l Frost and Geologica l Engineering Survey With Scales of 1:200,000
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and l:500,OOO~ (1971). In the first chapter of t h e  p r e sen t  work , In examin-
ing the princ ip les of fr ost prediction , the basic methodologIca l ;rinc i~~les
of f r o s t  Inves t  iga t ions in genera l and of f r o s t  su rvey ing  in  part Icu Ia r a r e
g iven.  Therefore  o n l y  a shor t  l i s t  of th~ b a s i c  p r i n c ip les  of f r o s t  s u r v e y i n g
is presented here.

/Short list of the basic princ ip les of frost survylng/ . The purpose of a frost
survey is to study the regularities in the formatinn and development of season-
a l l y  a nd permanently frozen rocks in connection with dist inctive features of
an investigated territory. As a result of that , studies must be made of regu-
lar ities in the prevalence , conditions of occurrence , compos i t ion  of c ryogenic
textures and properties of f rozen  rocks , t h e i r  temperature regime , and a l s o
c ryogen ic  and other geologica l phenomena accompartying them . A l l  t h i s  must  he
examined In the  process of development as one of the pages of geologica l his-
t o ry  in the Q u a t e r n a r y  per iod of the i n v e s t igated region as a f u n c t i o n  of the
genera l course of development of the entire geologica l and geograph ic situa-
tion , The productive activity of man s u b s t a n t i a l l y  changes the geolog ica l and
geographic conditions of the region , and by the same token its frost character-
istics,

The geologica l eng ineer ing  f ros t  cond i t i ons  cha rac t e r i z ing the c o n d i t i o n s  of
construction and operation of any structures within the limits of the selected
construction sites are determined by the composition , cryogenic structure and
therma l state of the rocks. Because of that , in compiling a frost survey the
ma in a t t e n t i o n  mus t  be turned toward these characterist ics of frozen rocks.
The ma in geologica l and genetic complexes and types of rocks must be above all
studi ed in the invest igated region , Their distribution and character usually
are l inked with geomorphologica l pecu liarit ies of the region. Therefore in a
f ros t  survey w i t h i n  the  l i m i t s  of geolog ica l structura l reg ions a microzoning
of the territory is made on the basis of a geomorphologica l sign , as a result
of wh Ich sections are distingu ished which are uniform in a geomorphologica l
respect and simi lar in geolog ica l structure. The landscape types of a locality
distinguished on that basis are characterized by uniformity also in hydrogeo-
logica l conditions , swampiness, the plant cover, microc limatIc peculiarities ,
etc , that is , within the limits of each landscape a completely definite com-
position of rocks, character of composition , extent , properties and moisture
reg ime of deposits is noted . In accordance with a complex of natural cond i-
tions within the limits of each landscape forms its own radiation-hea t balance
of the surface and temperature regime of the soils. Thus in the process of
a frost survey a zoning and microzoning of the territory is made for each dis-
tinguished type of landscape, their specific features of composition are de-
termined , as well as their cryogen ic textures , occurrenc e, extent , the tempera-
ture regime of the frozen rock masses, the depths of the seasona l freezing and
thawing and accompanying cryogen ic and other geologica l processes and effects.
This determines the content and sequence in making a frost survey.

The inf luence of the productive act i v i t y  of man on change of the geologica l
eng ineering f ros t  s i t u a t i o n  is examined s imul taneously.  In a f ros t  survey
all these questions of the interconnection of elements of natural conditions
with the characterist ics of the seasonally and perennia l frozen rock masses
must oaligat orily be characterized not only qualitatively but quantita tively,
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by m a k i n g  cor r L .~~ on d in g  c a l c u l a t i o n s  in the  f i e l d  by means of e x i s t i n g  rap id
methods of calculation . On that basis a forecast is comp iled of the change of
frost conditions in connection with the productive opening up of the t e r r i t o r y
for each landscape type of the locality separately. Mapping of the geomorpho-
log ica l c h a r a c t e r i s t i c s  of the reg ion and the geologica l and genetic comp lexes
and ty~ us of rocks corresponding to them , and a l so  a characterization of the
remaining components of the natura l complex, are achieved by reflection of the
di~ tributi on of landscape types of the locality on the maps. On the basis of
data of Investigations on key sect ions w i t h i n  the l i m i t s  of each landscape type
arc shown all the frost character istics studied in the field and calculated for
t he  moment of the  survey wi th  nomograms . A forecast  of the change of fros t
conditions as a function of possible natura l changes of the environment and as
a function of the character of the productive opening up of the  t e r r i t o r y  can
be ca lculated with the same nomograms.

Bes ides the geological engineering frost maps corresponding to the conditions
at the moment of the survey, forecast frost maps can be compiled for spec ia l
purposes, for example , a map of the depths of foundations for cities and set-
tlements , a map of a forecast of the thawing of frozen rockc under large reser-
voirs , a map of the thawing of frozen rock masses during the preparation of
dra inage polygons for development , etc.

Geological eng ineering frost mapping during the compilation of a frost forecast
should be examined in two aspects. Geologica l engineering frost maps above
all , being one of the forms of genera l ization of mater ials of a frost (and a
geologica l eng ineering frost) survey, represent the basis for the compilation
of a frost forecast. At the same t ime a geologica l engineering frost map can
be regarded as one of the forms of a frost forecast. It is advisable to cort-
sider these aspects separately for small-scale maps and for medium and large-
scale maps.

/Geologlca l engineer ing frost maps as the basis for a frost forecast/. Spe-
cialized litera ture is devoted to the princ iples and methods of comp i lation
of frost and geolog ica l engIneering frost maps , and so they are not examined
in the present work. It must be emphasized , however , that such maps must
satisfy the requirements presented for both geologica l eng ineering and for
frost maps. Their princ ipal distinctive feature is that they must be compiled
on the basis  of study of particular , genera l and regiona l regularities in the
formation and development of seasona l and permanently frozen rocks and cryo-
genic and other geologica l phenomena accompanying them as a function of a
complex of natura l conditions and their separate components.

Since the formation of the temperature regime of rocks, and In connect ion with
tha t, of the cryogenic structure and thickness of frozen rock masses, occurs
as a result of hea t exchange on the surface and depends on the composition and
moisture content of the rocks of the layer f seasona l freezing and thawing ,
it is advisable to show established part Ic regularities wIthin the limits
of each landscape type on a sup of types ,easona l freezing and thawing of
rocks. That map Is used pr imarily for the comp ilation of a frost forecast.
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fln the  basis  of tha t map and the text of thê~teport in which an e s t i m a t e  ought
to be g iven  of the  i n f l u e n c e  of each f a c t o r  of the geologica l and geograph ic
medium on the f o r m a t i o n  of the temperature  regime and the depths of seasona l
f r e e z i n g  and t h a w i n g  of soils , forecast data can be ca lculated with respect
to the main characteristics of seasonally and permanently frozen rock masses
in connect io~r with construction and the productive opening up of a territory.
This applies to both the temperature reg ime and the depths of seasona l thawing
and freezing and to the determining of the bearing capacity of frozen rocks,
the forces of freez ing together , rheologica l properties , etc. In addition ,
a map of types of seasona l freezing and thawing of rocks is the basis for fore-
casting the development of cryogenic processes and phenomena (thermokarst ,
fissure formation , heaving , solifluction , etc). In that case , as the basis for
compilation of a forecast one should use a geological engineering frost map
cha racteriz ing the composition and cryogen ic textures of the permafrozen rn~~
masses , the moisture (ice) content and the possible amount of thermal subsidence .

In small-scale (1:500,000 and 1:200,000) frost (and. geologica l engineering
frost) survey maps are the basis for the compilation of a f ro s t  forecast  in a
genera l form characterizing the change of frost conditions in connection with
natural change of separate elements and of the entire complex ,of natural con-
di tionc . Such a forecast can be made specific in larger-scale investigations ,
depending on the character of the productive opening up of t e r r i to ry  for  separ-
a te  sites and specific objects of construction. As a result of such refinement
a concrete forecast must be compiled , the basis of which ought to be med ium-
and large-scale surveys and maps. Such medium- and large-scale maps are usually
compiled for industria l regions with intensive development , under definite
hydraulic and thermal engineer ing objects, cities , living quarters and variou s
linea r structures. In those cases already dur ing the survey more def inite and
specific tasks are set , the solution of which is closely connected with the
forecast of frost conditions. Therefore such maps are spec ia l forecast maps.
In that case data are drawn on the map regarding change of frost conditions
under the effect of one or severa l production measures , such as the remova l of
the snow and plant covers, warming of the area , plowing , the working of miner-
als , the pouring of embankments , the drainage and flooding of land , the level
ing of the t e r r a in , construct ion, tree-plant ing and sodding,  a r t i f i c ia l Coat-
ings (asphalt and concrete), etc . Among specialized forecast maps are maps
of the depths of foundations , water p ipes, sewers and other p ipe l ines .

For specialized forecast maps methods of controlling the frost process must be
given , methods which can be developed only on the basis of the proposed methods
of ca lculation. Indicated on those m aps are measures which prevent the develop-
ment of thermokarst, of processes of fissure formation , heaving , sagging , ice
bodies and other phenomena. Measures to regulate the depths of seasona l freez-
ing and thawing of rocks and their temperature regime also must be pointed out
obligatorily.

The examples of calculations presented in chapters 4-9 testify that frost (and
geologica l engineer ing frost) maps are a necessary basis for the comp ilation
of a frost forecast and one of the most genera lized forms of that forecast.
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