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PREFACE

Thils translation 1s the elghth from the Russlan permafrost
publication "Principles of Geocryology", Part I1 (Engineering
Geocryology). The first translation in this group was Chapter I
entitled, "Principal Aspects of Englneering Geocryology (Permafrost
Studies)" by N.I. Saltykov (TT-1215). The second was Chapter VII
"Particular Aspects of Mining in Thick Permafrost"™ by V.P. Bakakln
(TT-1217). The third was Chapter I1 "Deformation of Structures
Resulting from Freezing and Thawing" by A.I. Dement'ev (TT-1219).

The fourth was Chapter VIII "Beds for Roads and Airfields™ by

G.V. Porkhaev and A.V. Sadovskii (TT-1220). The fifth was Chapter IX
"Underground Utility Lines™ by G.V. Porkhaev (TT-1221). The sixth
was Chapter XI "Specific Features of the Maintenance of Structures 1in
Permafrost Conditions" by A.I. Dement'ev (TT~1232). The seventh was
Chapter III "Basic Mechanics of Freezing, Frozen and Thawing Soils"
by N.A. Tsytovich et al. (TT-1239).

This translation of Chapter IV by G.V. Porkhaev discusses the
thermal regime of the ground in permafrost regions in relation to
engineering structures. The chapter begins with a review of the
heat exchange between the ground and 1its surroundings prior to con-
struction. This 1is followed by a description of the thermal
properties of the ground and the possiblility of controlling them.
Factors affectling the ground thermal regime are also discussed. The
chapter concludes with an account of currently avallable mathematical
methods for analyzing the influence of engineering structures on the
ground thermal regime in the permafrost region.

The Division 1s grateful to Mr. G. Belkov, Translations Section,
National Research Councll, for translating thls chapter and Dr. R.J.E.
Brown, of this Division, who checked the translation.

Ot tawa R.F. Legget

May 1966 Director
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THERMAL PHYSICAL PRINCIPLES OF CONTROLLING THE INTERACTION
BETWEEN STRUCTURES AND FROZEN SOILS

Introduction. 1. Heat exchange between the ground and its sur-
roundings. 2. Thermal physical properties of the ground and the
possibility of controlling them. 3. Natural thermal state of the
ground and its variation. 4. Changes in the surface of interaction
of the so0l1l and its surroundings. 5. Interaction of variocus factors
in the formation of the ground thermal regime. 6. Principal methods
of thermal engineering calculations.

Introduction

It was shown in the previous chapter that the physico-mechanical pro-
perties of frozen solls (temporary strength, modulus of elasticlty, creep,
etc.) depend on temperature. Particularly acute changes take place in soil
properties during the transition from the frozen to the thawed state. There-
fore the stability of a structure can be ensured only by establishing a
specific thermal regime 1n the foundation soils. Moreover, such specific
effects as naled formation, heaving, fissuring, etc., resulting in deformation
of structures and hindering thelr normal function, are likewlse caused by
thermal processes occurring 1n the soil. Finally, the thermal state of the
soll affects the heat losses from the structure which has an effect on
operating expenses. At times 1f the heat losses are unpredictably large a
failure in the structure may occur (for example, freezing of the water pilpes
or sewage system, etc.). Thus, the establishment of the specific thermal
regime 1n the soll cannot only decrease operation expenses and prevent
deformation of the structure but 1n some cases 1s an absolutely necessary
condition without which one cannot erect a structure on permafrost.

The thermal physics of frozen soll being a discipline studying the
control of the thermal and molsture regimes of the soil, 1s closely involved
with the mechanics of frozen, freezing and thawlng solils. Problems of the
mechanics of frozen solls cannot be solved wilthout considering thermal
physics since thermal physics here plays an auxlliary role. On the other
hand the temperature fleld of the soil under the usual pressures does not
depend on the stressed state which makes 1t possible to consider thermal
physics 1ndependent of mechanics.

Thermal physical processes taking place during the freezing and thawing
of solls are the result of a complex Interaction of varlous aspects of the
geological-geographical environment. These processes include heat and
moisture exchange occurring within the soll itself and the heat and moisture
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exchange occurring within itself and the heat and molsture exchange occurring
between the soll and the atmosphere. In englneering geocryology it 1s cus-
tomary to consider the system soll-atmosphere-structure.

To obtaln quantitatlive mechanisms 1in the form of mathematical relation-
ships 1t becomes necessary to make dlagrammatlic representations of complex
thermal physical processes occurring durlng the freezing and thawing of soll.

Heat may propagate 1n soll by conductlon as well as by convectilve
transfer by water migration or filtration. In the solutlons of geocryological
problems avallable at the present time 1t 1s customary to take 1nto account
only conductive heat transfer. Thls 1s due on the one hand to the complexity
of obtailning solutlons takling into account heat transfer by convectlion and on
the other hand to the fact that heat propagation by conductlon predominates
in the overwhelming majJority of cases encountered 1n construction practice on
permafrost. Filltration may be of great importance in the thermal regime of
soll but it 1s eliminated, as a rule, by construction practices (provisions
for clay seals, belts of frozen soll, etc.). The migration of water, because
of 1ts slow rate, usually has 1little effect on the temperature regime of the
soll. Taking migration into consideration becomes necessary for calculatlons
of changes 1n soll volume on heaving. Thus the determlnation of the temper-
ature fleld 1n the soll by takling 1nto account heat transfer through con-
duction only 1s 1n many practical cases sufficlently accurate. Exceptlons
include practices of thawlng coarse-gralned solls by jet flltration, dralnage
filtration and other methods where most of the heat 1s transferred by con-
vective heat exchange (Chapter V). The mechanism of convective heat exchange
for this case 1s still 1n the process of belng derlived and this questlion 1s
not consldered in thils chapter.

Regardless of the fact that the calculatlion methods are only approximate,
the possibilitles derived on the basls of these formulae are not yet belng
used to the full since the 1nitlal data has to be selected very arbltrarily.
At the present time there are no sufficlently complete and accurate tables
of the thermal physlcal characteristics of solls. The most lmportant defect
i1s that only a very approximate conslderatlion 1s giliven to boundary conditilons
or, in other words, conditlions of heat exchange 1n the system soll-structure-
atmosphere. As a rule, In the many formulae lntended for determining the
temperature fileld of the soll, only alr temperature of all the external
factors affecting the heat processes 1s considered. Therefore, using the
existing formulae wlth the same thermal physical properties of the soills,
the same temperature fleld 1s obtalned for the foundations of bulldings with
ventilated crawl space, under road pavement, under natural cover, etc.
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Attempts to introduce into the formula the surface temperature of the
soll or the temperature of the soll at some depth instead of air temperature
is no solution to the problem. This temperature for each particular case
will be determined by heat exchange conditions in the system soill-structure-
atmosphere and the thermal physical properties of the soll.

This problem can be solved successfully only by considering Jjointly the
processes of heat transfer 1n the soll and the processes of heat exchange
between the soil and its surroundings as a single system soil-structure-
atmosphere.

The temperature field of any system is determined not only by the
mechanism of heat transfer but also by the following factors:

(1) conditions of heat exchange with the surrounding medium;

(2) thermal physical characteristics;

(3) the quantity of heat and 1ts distribution throughout the system
before the beginning of the process;

(4) the shape and dimensions of the system as a whole as well as 1ts
separate parts.

These factors formulated mathematically comprise unlque conditilons
which, along with differentlal equations 1ndlicating the mechanism of the
heat transfer, make 1t possible Yo obtaln a solution describlng the tempera-
ture fleld 1n a given system,

By changing the conditlions of heat exchange between the soll and 1ts
surroundings, 1ts thermal physlcal characteristlcs, the 1initial thermal
state, and the shape and dimenslions of the surface of 1nteractlion, one can
control the thermal regime of the soll, 1.e. 1ts temperature fleld and con-
sequently 1ts thawlng and freezing.

1. Heat Exchange Between the Soll and Its Surroundings

(a) Contact layer

The temperature fleld of any solld body placed in a liquid or gaseous
medlum 1s formed under the influence of two different types of processes.
The flrst type 1lncludes processes of energy exchange between the solid and
the surrounding medium accompanled by the converslion of one form of energy
Into another (for example, radiant energy 1s converted into heat energy and
vice versa); the second type includes processes of heat propagation to the
solld from the surroundling medium. Processes of the second type take place
wlthin the body 1tself whereas processes of the flrst type occur in a layer
at the boundary between the body and the surrounding medlum. The dlmensions
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of this layer depend on the composition of the body as well as the
composition of the medium. As a result of processes occurring in this
layer there is a flow of heat from the boundary into the body (or vice
versa) and the value of this flow 1s determined not only by processes
occurring in the surface layer but by the thermal state and properties
of the body. Herein is the connection between the two types of pro-
cesses.

These two types of processes occur also in the formation of the
temperature field of the soil. This was mentioned by A.V. Voeikov: "The
upper layer of the earth's crust which receives heat directly from the sun
and transmits it by radiation into interplanetary space or clouds I call the
external active layer" (cited from a publication in 1952, page 186); "the

upper surface of the earth's crust receives heat from solar radiation and
since the land surface 1s not transparent to heat 1t undergoes a considerable
temperature increase 1f the solar rays strike at a large angle and the alr is
sufficiently transparent to heat. Hence heat propagates into the earth
mainly by conduction and into the air by conduction and radiation" (1bigd,
page 202).

Thus in the "active layer", according to Voelkov, energy 1s exchanged
between the soill and its surroundings; further energy propagation into the
soll in the form of heat occurs by conductlion. Since in permafrost studies
the term "active layer" has a completely different meaning (Sumgin et al.,
1940) we shall henceforth refer to Voelkov's "active layer" as "contact
layer". The term "contact layer" suggested by N.S. Ivanov 1s more approprlate
than terms suggested by other authors (active layer, forming layer, surface
layer, etc.).

In the contact layer which 1s formed at the interface between the soll
and its surroundings (atmosphere, structure, etc.) the following processes
occur:

(1) energy exchange 1n the form of heat not accompanled by changes in
the mechanism of transfer (heat transfer by conduction in the contact layer
and in the surrounding medium);

(2) energy exchange in the form of heat accompanied by changes in the
transfer mechanism; heat transferred by convectlon 1n the surrounding medlium
is transferred through the contact layer of the soil and further by conduction;

(3) conversion of various forms of energy 1into heat, for example the con-
version of radiant, chemical and other forms of energy;

(4) conversion ot energy not accompanied by conversion to heat energy
(photosynthesis);



i

(5) phase transformations of matter (water) accompanied by the liberation
or absorption of heat (condensation and evaporation of water, melting and
evaporation of snow, formation of hoarfrost, etc.).

Thus processes occurring in the contact layer are very complex and their
intensity may vary over a wlde range. For example over motor road with an
asphalt surface, evaporation and condensation are almost absent, whereas on
a moss covered bog the heat of evaporation and condensation is an important
component of the heat exchange.

A characteristic feature of processes occurring in the contact layer is
their direct relationship to processes occurring in the surrounding medium
and any change 1in the latter has an effect almost immediately on the trend
and intensity of these processes. For example, the absence of solar energy
at night brings about condensation which 1s replaced during the day by
evaporation. In comparison with the underlylng soll the properties of the
contact layer are incomparably more variable. The occurrence of precipitation
in the form of rain or snow lmmediately changes the properties of the contact
layer. There are also changes in the properties and processes occurring in
the contact layer during the course of the year, resulting from changes 1n
vegetation, freezing and thawing of this layer, etc.

The conversion of energy and direct heat and moisture exchange with the
surrounding medium, which are dominant 1n the contact layer, are rapidly
attenuated with distance from the interface and undergo a transition to heat
propagation within the soil.

The depth of penetration of radiant energy, convective heat exchange,
evaporation, etc., are different. Therefore, the lower boundary of the
contact layer will be determined by those processes which penetrate deepest
into the so0il. There 1s no clear boundary between the contact layer and the
underlying soil, since the attenuation of processes in the contact layer
occurs gradually. However, in most cases this boundary can be determined
with requlred practical precision. For example, in the case of grass cover
the mineral soll surface under the sod can be taken as this lower boundary.

In this case the soll in the sod layer will comprise part of the contact
layer. If the surface is devoid of any cover, the contact layer 1is the upper
layer of soil where conversion of one form of energy into another occurs.
Therefore, in our further discussion, in many cases the division between soil
and contact layer 1s quite conventional (with respect to types of processes).

It 1s more difficult to define the upper boundary of the contact layer.
In the first approximation one can assume that 1t 1s the surface evenly en-

compassing all irregularities of the microrellef and vegetation (a small plot
not exceeding several hundred square metres is being considered here).
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As applled to engineering structures the contact layer will in most
cases be very small and the transformation of energy within it will be
negligible. For example, for a concrete cover the exchange of energy with
the surrounding medium will take place in a layer having a depth of several
millimetres. This, however, does not mean that 1n investigating heat
exchange one can neglect the physical exlstence of processes occurring in
the contact layer, since its role in the formation of the thermal regime of
the soil does not decrease because of this.

Thus, in the formation of the temperature field there 1s elther the
flow of energy from the surrounding medium into the contact layer, its sub-
sequent conversion into heat energy and then propagation of the heat into the
soll, or the flow of heat from the soil to the contact layer, partial trans-
formation of it into other forms of energy and transfer of it to the surround-
ing medium,.

The simplest way of controlling the thermal regime of the soll is by
changing the properties of the contact layer and controlling processes occur-
ring in it. Hereln 1s the great lImportance of the contact layer for engineer-
ing geocryology.

(b) Equating the energy balance in the soil and contact layer

As mentioned above, energy 1s transformed from one type to another in
the contact layer. Therefore from a thermal physical point of view the
fundamental aspect of studying the contact layer is the investigation of the
energy balance in 1it, since only then can one make a quantitative comparison
of qualitatively different forms of energy (radiant energy, heat energy, etc.)
by reducing them to one form of energy. 1.e. heat energy. Therefore the basic
thermal physical characteristics of the contact layer is the quantity of heat;
temperature 1s used as a supplementary characteristic.

Before dealing with the energy balance in the contact layer we will con-
sider possible methods of defining the energy balance for purposes of englneer-
ing geocryology.

The law of the conservation of energy for any body can be written in the
form

= | 2q
qufds Jvat dav. (4.1)

The integral on the left side of this equation represents the total flow
of energy through the surface S, limiting the volume V, in a unit time, and
the 1negral on the right side of the equation indicates the change in the
internal energy of the body with volume V in a unit of time. Qe is the heat
flow through a unit area perpendicular to the surface S;
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g% - change in the speciflc energy in a volume 4v.

In most cases the equation for the conservatlion of energy 1s taken for
a certain period of time. Then the law for the conservation of energy 1s

expressed by the equation

2 2

cto—ct

to——ct
|
la

dat q.dS = dt
o i

1 1

For the volume V 1in equations (4.1) and (4.2) one can take:

(a) the entire volume of s0il under investigation excluding the contact
layer;

(b) the entire volume of soil under investigation including the contact
layer;

(¢) only the contact layer.

Each of these varlants has 1ts advantages and disadvantages.

This can be 1llustrated by a specific example., Let us assume that we
are interested in the temperature regime of soll 1in some plot under natural
condlitions to a depth of h.

Let us construct the equation for the conservation of energy for the
soll without the contact layer,

qufds + j q,088 + [ q, 4s = I g—%dv. (4.3)
S S) S, v

In equation (4.3) the first term on the left side represents the heat
flow from the contact layer through the upper surface of soll. If it 1s
assumed that heat propagation in soll takes place only by conduction, this
flow of heat willl be equal to A grad ¥;, where grad %; 1s the temperature
gradlient at the lower surface of the contact layer.

The second term of the left side of the equatlon expresses the heat
flow through the lower surface of a soil column from the lower lying layers
of soll and 1s equal to A grad ¥,, where ¥, 1s the temperature gradient at
the lower surface of the soll column.

If the plot has an even surface, and 1f the soll and vegetation cover
are sufficiently uniform, there would be practically no heat flow 1in a
horizontal direction. Thus, instead of considering the entire volume of
soll within the limits of the plots one can take a column of soll of height
h with an area equal to a square unit. Since the thermal state of such a
column of so0il would not differ in any manner from any other column within

dav. (4.2)
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the 1limits of the plot, it 1s sufficient to consider only one such column in
order to obtain the characteristic of change in heat content of the entire
volume of soil in the plot. The third term of equation (%.3) is equal to
zero because of the assumed conditions (even surface of plot and uniform
soll)., Finally, the right side of the equation represents the change in

the heat content of the so0il column.

For a soll column S; = S, = 1 and the flow q ¢ and q are constant

2f
along the surfaces 3;; quaf = 0.

Taking into account all that has been said above, equation (4.3) can be
written in the form

h
_ 39
Agrad ¥, - Agrad$, = g cop(Mvyg dh, (4.4)

where cef(ﬁ) is the effective heat capacity by means of which the heat of

phase transformation of water is taken into account (Part I, Chapter VI).

If one proceeds from equation (4.2) in deriving the energy balance for the
column of soil under consideration, equation (4.L4) changes to

2 2

t
agradddt - [ Agradv.dt =
t

2 h vy

t
{ dt { co (V3¢ dh. (4.5)

ot

1 1

The change 1in heat content of the entire column of soil can be
established from either the left or right side of equation (4.5), but one
cannot determine the temperature field of the soll and consequently the
position of the boundary of its thawed or frozen state which is of primary
interest for engineering geocryology. The solution to these questions can be
obtalned only if one considers the simple heat balance within the body, i.e.
if one uses differential equations of heat conductivity.

Let us assume that the height of the soil column h is equal to the
depth to which seasonal variations in temperature penetrate. Then the
second term of the left side of equation (4.5) can be neglected in many
cases. For natural conditions (without artificial heating or cooling) for

a period of time equal to one year one can write

ts t, h .
[ Agradddt = [ dt [ c_,(3)yz¢ dh = O, (4.6)
t1 ty o °

since the change in heat content of the column for a year 1s almost equal
to zero. This 1s explalined by the fact that during the warm period of the
year the heat flows into the soil, and during the cold period of the year
the heat flows out of the soil. The difference between these values in many
cases 1is less than the inflow or outflow of heat and with modern methods of
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measurement the 1nflow and outflow of heat 1s less than the accuracy of
measurements.
Let us write equation (4.6) in the form

* *

t, t
ragrad9ydt + [ Agrado,dt = [
t* t

2

cte—ct

h 3 t
dtfe o (¥ )y5gdh + {

1 0 *

h 29
1 dtﬁcef(o)73€dh,

where t* 15 a moment of time when the average heat flow through the surface
S changes directilon.
The quantity

t t, t* h ) t, h 2
Qp = [ rgradmdt = - [ agraddidt = [ dtfe . (d)yikdn = - f*dtfcef(o)yffdh
t, t* t1 o t*
(4.7)

is customarily called the annual heat cycle of the soil. It is usually
determined by changes in the heat content of the soil durlng the period of
heating or cooling since. it 1s exceedingly difficult to determine it from

the amount of heat flowing through the surface because of the daily variation.

Similarly one can introduce the concept of diurnal heat cycle.

Heat cecycles can be used for characterizing the intensity of thermal
processes under natural conditions for agronomic purposes, etc.

The energy balance can also be derived for the entire volume of the
s0ll under investigation including the contact layer. However, in this case
difficulties are encountered making it necessary to approach the solution of
the problem in a somewhat different way. In the contact layer, as was noted
above, there are very complex processes differing from those occurring in the
soll itself. The mechanlism of processes occurring in the contact layer are
Just being established at the present time and a quantitative solutiony
particularly for engineering purposes, can be obtained experimentally, whereas
the temperature field of the soil in its interaction with the structure is
determined primarily by analytical means. It is therefore advisable to con-
slder thermal processes 1n the soll and the transformation of various forms
of energy in the contact layer separately and the connection between them is
reflected by the heat flow at the boundary between these two medla.

Thus the heat flow through the contact layer will be the boundary
condition for the remaining volume of soil and hence one can obtain a
solution for the temperature field of the solil in a much simpler form. The
separate consideration of processes of energy exchange i1n the contact layer
and the heat transfer within the soil faclilitates the elucidation of
quantitative‘and qualitative mechanisms, and makes it possible to obtain
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finlte results in a very simple form. Nevertheless, the mechanisms of change
in heat flow at the boundary between the contact layer and the soll can be
elucidated only with a jolnt consideration of the energy balance of the
contact layer and equations of heat conductivity for the soll, slince the

heat flow 1n the soll depends not only on the energy exchange with the sur-
rounding medium but also on the thermal physical properties of the soll 1t-
self,

The periods of time for which an energy balance should be constructed
for the contact layer depend on processes forming the temperature regime of
the soll.

Industrial development and the construction of various types of bulldings
results 1n changes 1in individual components of the heat exchange between the
atmosphere and the soll, which 1n turn brings about a change in the natural
temperature regime of the soll. At filrst the formation of a new temperature
regime of the soll 1s characterized by a clearly evident instabllity of the
thermal state. Thls process flnally tends towards a new state of dynamilc
equllibrium similar to steady state thermal processes.

Depending on the type of structure, its interactlion with the soll may
result 1n steady state thermal processes 1n which the heat flow will be uni-
directional,or 1t may result in perlodic steady state thermal processes, when
from season to season there wlll be a repetitlon of the same processes which
are completely allke quantitatively as well as quallitatively.

Steady state thermal processes 1n which the heat flows 1n one direction
correspond to relatively stable temperature flelds in the soll, which remain
practically unchanged throughout the year. Such flelds are established
after prolonged service of structures (10 - 30 years) under burled structures,
under the central part of surface structures, etc. (Fig. 19).

Perlodlic steady state thermal processes are formed a relatively short time
after the structure 1s put to use (3 - 5 years) and are characterized by
harmonlc osclllations of temperature within the layer having annual varlations
in soll temperature. Such temperature flelds are established 1n the solls
under bulldings with ventilated crawl spaces, 1n the ground beneath earth
dams, near the foundatlons of surface structures, around shallow underground
utilities, etec. (Fig. 20).

In correspondence wlth processes occurring during the thermal inter-
actlon between the structure and the soll one should conslider the energy
balance of the contact layer for varlious perlods of time. In the interaction
of the system structure-soll-atmesphere, resulting in steady state processes
In one direction for the period of the formation of the temperature field as
well as for 1ts steady state, one should consider the balance of the contact
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layer for a year. In the case for the energy balance of the contact layer

we have the expression,
R+P+E+A+M+K =20, (4.8)

where R the radlation component of heat exchange,

P - convectlon component‘of heat exchange,

E - consumption of heat for evaporation,

A - heat entering the soll or leaving 1it,

M - consumption of heat on melting snow,

K - consumption of heat on blochemlcal and other processes.

Equation (4.8) 1is written in the general form. Some of 1ts components,
depending on the type of structure, may be equal to zero or may have various
energy sources (for example, radiation energy of the sun, radliation from high
temperature internal heat sources, etc.).

In contrast to the equation for energy balance used in climatology for a
period of time equal to a year, in equation (4.8) there are such components
as the heat flow 1n the s0ll, consumption of heat to melt snow, etc. In
natural conditions these components are much less in value than the radiation
component of the energy balance, the consumption of heat on evaporation and
turbulent heat exchange with the alr. The baslc unknown value in this
equation as far as geocryology 1s concerned 1s the flow of heat 1n the soill
(A). The small value of thié heat flow makes 1t necessary to consider small
variations introduced into the energy balance by the last two terms of
equation (4.8). However, the extent to which the heat exchange components
have been investigated and the accuracy of thelr measurement makes 1t impos-
sible to use equation (L.8) in general geocryology for estimating the trend
and 1ntensity of thermal processes under natural conditions. Thus, for
example, the accuracy of measuring the radiation component of the energy
balance, which for the central part of the Yakut Autonomous Sovliet Soclallst
Republic 1s approximately 150,000 kcal/m?/year (Atlas of Heat Balance, 1955),
using present-day apparatus 1s 5 - 10%. Thus the value of the mean annual
heat flow 1in the soll, which under natural conditions 1s only several hundred
kilo calories per m? per year, is beyond the 1limits of measurement accuracy
of the other heat exchange components,

Engineering structures introduce important changes in the heat flow in
the soil, which for purposes of englneerling geocryology makes 1t possible to
use equation (4.8). Thus the annual heat flow from the soll to the atmosphere
near a heated bullding 1In the absence of a ventlilated crawl space will
comprise several tens of thousands of kllo calories per m?.
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For a periodic thermal state the energy balance should be constructed
separately for periods of heating of the soll and for periods of cooling.
It should be noted that the period of soll warming does not colncide with
the beginning of thaw under natural conditions, but beglins when the soill 1is
sti1ll in a frozen state (in March-April); the period of cooling also begins
long before the soll freezes.

For the perlod of cooling and for the period of warming the equations
for energy balance of the contact layer are written in the following form,
respectively,

R, + P, + E_ + A_ = 0; (4.9)

Rh+Ph+Eh+Ah+M+K=0. (4,10)

The notatlions in equations (4.9) and (4.10) are the same as in equation (4.8)
and differ only by the indices ¢ - cooling and h - heating (warming).

(c) Components of external heat exchange

The elucidation of mechanisms forming the components of the heat
exchange 1n equations (4.8), (4.9) and (4.10), particularly for natural
conditions, are very difficult. Only by investigating the formation of
individual components of the heat exchange, thelr variation and inter-
relationship can one reveal all aspects of the physical phenomenon and cor-
respondingly control the thermal regime of solls 1n the required direction.

This approach to the solution of problems of engineering geocryology
was 1nitiated only during the past decade and only for the purpose of
thawing solls to facilitate thelr workability (Bakakin, 1955).

At the present time there 1s still no sufficlently reliable method of
determining individual components of the heat exchange with which one could
elucidate the relationship through various natural factors. In determining
the components of the heat exchange, the processes occurring in the contact
layer are usually considered conventlonally for the upper surface (convection
of heat exchange and evaporation) or to a conventional surface at some dis-
tance from the contact layer in the surrounding medium (heat exchange by
radiation). Thus one can obtaln the numerical value for energy entering the
contact layer or lost by it. However, in order to influence the formation
of the heat flow 1n the contact layer one must lnvestigate the conversion
of various forms of energy in the layer.

Let us consider individual components of the heat exchange appearing in
equations (4.8), (4.9) and (4.10). We shall consider them as applicable to
two systems: atmosphere-soll and structure-soil. In the heat exchange for
the system atmosphere-soll one should include the heat exchange occurring
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outside the structure but influencing the thermal regime of 1ts foundation
solls (heat exchange between the atmosphere and the soll near the building,
above underground utilities, etc., and also heat exchange between the
atmosphere and the base course of roads, alrdroms, dams, etc., for earthworks
and open plt mining operations, etc.). The heat exchange in the system
structure-soll is that between the structure 1tself and the soil. 1In this
consideration the first term of equations (4.8), (4.9) and (4.10) - a radlation
component - should be regarded as the result of two sources of energy: natural
for the system atmosphere-soll and artificial for the system structure-soill.

For the system atmosphere-soll the resulting radiant energy exchange, as
we know, 1s determlned by the expression

R=(Q+q) (1L ~-a)-=1, (4.11)
where Q + q - the sum of direct Q and scattered q short-wave radiation,
a - reflective capacity of the contact layer {albedo),
I - effective radiation (the difference between long-wave radiation of
the contact layer and long-wave counter radiation of the atmosphere).

The total short-wave radiation Q + q for englneering purposes, 1f there
are no observation data, can be determined by calculation (Savinov, 1933).

The baslc measures taken to reduce the amount of radliation are: the construc-
tlon of shade awnings; ventilated ground decking or shading by planting shrubs
and trees, etc. The result of this type of shading requires study; it cannot
be considered simply a change 1n albedo since radlant energy within shrubs

and trees, belng 1in thils case part of the contact layer, 1s consumed on
transpiration, photosynthesis, etc., and a small part of 1t reaches the
surface of the soil.

Changes 1n the natural conditlons result in changes in albedo of the
contact layer* and its long-wave radiation. The albedo value for some types
of contact layers are glven in Table XXT.

As follows from Table XXI the albedo varies over a very wide range:
from 0.05 for freshly ploughed dark moist soll to 0.85 for fresh snow.

Changes in the natural conditions of the surface usually result 1n a
decrease 1in albedo. Whereas the albedo of vegetation cover is 0.19 - 0.28,
the albedo of various types of other cover and exposed soll varies from 0.05
to 0.25. At the same time there 1s an increase 1in the effective radiation
owlng to an 1ncrease 1n the temperature of the contact layer. Therefore
decreasing the albedo as a method of controlling the thermal regime of the

¥ ITn this case the thickness of the contact layer 1s determined by the
depth of penetration of the radiation.
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soll has not been applied in englneering practice. A few suggestions have
been made which involve methods of lightening the colour of the soil to
increase 1ts reflectivity. The technical advantage of such measures requires
rigorous proof.

Controlling the thermal regime of soils by artificially changing the
albedo with the simultaneous control of long-wave radiation may find extensive
application in improving the thermal regime of the soll (Chapter V).

Finding the last term of equation (l4.11) - effective radiation - presents
certain difficultles. Devices for direct determination of long-wave radiation
during the day are stlll in the development stage (Khvoles, 1952). For
englineering purposes one can use computation methods (for example Berlyand,
1952).

It should be noted that if the computation methods of determining total
radliation and effective radiation are to be used for englneerling purposes, it
would be necessary to construct detailled tables for the entire permafrost
region.

The control of effective radiation or more precilsely long-wave radlation
of the contact layer 1is reduced to changing two baslic values on which this
radiation depends: the temperature of the contact layer and 1ts radlation
propertlies. In thls respect the best method of decreasing long-wave radiation
1s the use of heat transparent fllms which intensify the hot-house effect
(Fedorov, 1935). Snow 1s a good means of decreasing long-wave radiation. It
has a lower temperature than the soll and has a small radlation coefficlent;
exposed soll on the other hand 1s subject to the strongest radiation. Some
practical measures for controlling long-wave radiation are glven in Chapter V.

Heat exchange by radiation in the system structure-soil (ventilated crawl
space, condults holding water pipes and hot water heating pipes, etc.) 1s
determined by the usual formulae in heat englneering (Machinskii, 1949;
Mikheev, 1949; Fokin, 1953, and others). As we know, the coefflclient of heat
exchange o usually takes complex heat exchange 1nto account, 1.e. simultaneous
heat exchange by radlation and convectlon. As a rule, in the heat exchange
between engineering structures and the soll it is sufficient to determine the
convective component of the heat exchange (ventlilated crawl spaces, mining
excavations, etc.). Only in some cases 1s 1t necessary to take into account
radiation separately (for example 1if 1n a bullding there 1s a source of heat
with very high temperature or a high temperature water-heating pipe laid 1in a
conduit).

The next term in equations (4.8), (4.9) and (4.10) is the turbulent heat

exchange (P) of the contact layer with the surrounding medium (primarily with
air).
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In present-day methods of determining turbulent heat exchange there 1is
extensive use of the hypothesis of turbulent diffusion. According to this
hypothesls turbulent heat exchange 1s expressed by the relationship

P = -—pCpk-a—z- > (ll.12)

where o - density of the air,
cp - heat capacity of the alr at constant pressure,
k - coefficlent of turbulent diffusion (analogous to the diffusivity
coefficlent),

%%—— vertical temperature gradient.

Integration of equation (4.12) gives the relationship

= - (4.13)
P och(Os .,
where D = El— - the integral coefflclent for tubulent diffusion,
dz
I__
o K

ﬁs - temperature of the surface,
oa - alr temperature at height z above the surface.
Equation (4.13) 1s analogous to the known relationship widely used in
the analytical theory of heat conductivity and in englneering calculations
(the so-called boundary conditions of the third type),

q = a(d; - 9,), (4.14)

where a 1s the heat exchange coefficlent.

The rather simple relationships (4.13) and (b4.14) greatly facilitate
the mathematical solutlon of a number of problems although thilis approach 1is
purely formal since mathematical difficultles are replaced by physical
difficulties. Thus the heat exchange coefficient a characterizes the complex
heat exchange with the surrounding medium occurring in the surface layer of a
body and the highest value 1n this heat exchange under usual conditions 1s
that of convectlon. Because of this the heat coefficlent a depends not only
on the nature of the surface layer but also on the shape of the body, the
hydrodynamic conditions under which a liquid or gas flows over the body, on
the properties of the surrounding medium, temperature, etc.

Analytical determination of the coefficlent a and also the coefficients
k and D appearing 1n the formulae (4.12) and (4.13) 1s possible only by using
a number of simplifying suppositions for some particular cases. Thus the
above-mentioned coefficlents are determined malnly by empirical means.
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For the system structure-soil when heat exchange occurs through an air
medium the coefficlent of convectlve heat exchange a depends baslcally on the
veloelty of the alr and the structure of the surface. As applled to englneer-
ing structures a number of empirical formulae have been obtalned which 1in some
particular cases can be used for determining the coefflcient of convectlve
heat exchange 1n the system structure-soll (Mikheev, 1949; Machinskii, 1949,
and others).

The dependence of convective heat exchange on two factors (velocity of
the alr and structure of the surface) predetermines the measures for control.
If it 1s necessary to accelerate convective heat exchange these measures are
reduced to lncreasing the surface and its roughness and also to lncreasing
the air veloclty. To decrease convective heat exchange measures are cor-
respondingly taken to decrease air veloclty and to decrease the surface of
interaction and i1ts roughness.

It 1s much more involved to determlne the coefficients of turbulent
diffusion (k and D) for the system soll-air which change with respect to
time and depend on many factors which are difflcult to take into account.

In .particular, by contrast to the coefficlent of heat exchange the
coefficient of turbulent diffusion depends to a large extent on the tempera-
ture of the contact layer. According to some data (Budyko, Zubenok, Strokina,
1956) the integral coefficient of turbulent diffusion depends 1little on wind
velocity since alr causing dynamic turbulence decreases thermal turbulence at
the same time. It should be noted that these investigations were carried out
on soll covered with vegetation. For exposed soll surfaces and particularly
for artificial cover one should expect mechanisms analogous to the dependence
of the coefficlent of convective heat exchange o on roughness and velocitx
of the air. Here the heat exchange can be compared to heat exchange under
conditions of forest convection, since the wind regime (i1f one excludes large
citles) will be formed basically outside the 1limits of the area under con-
sideration.

The comparatively small number of determinations of coefficlients of
turbulent diffusion do not as yet permlt the use of expressions (4.12) and
(4.13) for engineering calculations. For the system atmosphere-soll one has
to use equation (4.14), using the coefficient of convective heat exchange
obtained for englneering structures. As will be shown below, the value of «
has 11ttle influence on the heat flow in the soil 1f one takes 1nto account
only convectlve heat exchange. If one takes 1into account other components of
the heat exchange (for example, radiation) the érror in calculation may reach
substantial values. At the same time for the system structure-soil when con-
vective heat exchange predominates (plpes and condults at the base of struc-

tures, ventilated galleries of dams, etc.), a rather precise determination of
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the coefficient of heat exchange a 1s required, since this determines the
dimension of the cooling surface and flux of the cooling agent.

The greatest amount of energy in the consumption part of the balance of
a contact layer, 1f one excludes deserts, is attributed to evaporation.
Detaliled observations of evaporation under various natural conditions 1n
permafrost reglons have not been carried out. Some 1dea of the consumption
of heat on evaporatlion 1s given by the Novgorod Station given in Table XXII
(Sapozhnikova, 1950).

As follows from Table XXII, radiant energy in many cases 1s almost
completely consumed by evaporation. Here evaporation could occur at such a
rapid rate only by recelving addlitional heat from advective transfer.

The engineering development of a region 1s in most cases accompanled
by the destruction of the vegetation cover, which consumes a great quantity
of heat on evaporation, and by drylng of the area. Naturally these measures
result in a substantial decrease in the consumption of heat on evaporation.
Very substantlal changes 1n the moisture regime occur when various types of
cover are constructed along with dralnage. It can be assumed that on road
and alrdrome covers there 1s virtually no evaporation.

The influence of evaporation on heat exchange for ventilated crawl
spaces, mining excavations, the rate of ice accretlon and the process of 1ice
accumulation, etc., require special study.

The process opposite to evaporation, i1.e. condensation, 1s accompanied
by the liberation of heat which 1s much less than that consumed by evaporation
even under natural conditions (Sapozhnikova, 1950). Moreover, one cannot
expect any substantial condensatlon of molsture on artificial surfaces (roofs,
covers, etc.) since their temperature in the summertime is usually higher
than the temperature of the vegetation cover, One can expect that the heat
liberated durlng condensation or consumed on evaporation wlll have some in-
fluence on the thermal regime of fill consisting of coarse material permitting
relatively free air circulation.

The study of evaporatlion and condensation as heat factors influencing the
temperature regime of the soll for condltlons of construction, fill for rail-
road beds, etc., has been completely neglected up to the present time.

(d) Control of heat exchange between the soll and the surrounding medium

The temperature fleld of the soll almost under any structure or around
structures depends on the heat exchange occurring in the system structure-soil
and 1n the system atmosphere-soll. For example between a water duct lalid in
the soll and the soll there 1s heat exchange 1n the system structure-soll and
simultaneously there is heat exchange between the soll and the atmosphere. As
a result, the temperature field of the soll around the ground duct 1s formed
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under the influence of heat exchange in the system atmosphere-soil and
structure-soil. A building transfers heat to the soll under it. Simultaneously
there is heat exchange between the soll outside the building and the atmosphere.
The temperature field of the soil under the building depends on the interaction
of these two types of heat exchange. Only for structures that are laid deep in
the ground does heat exchange between the soil and the atmosphere have little
influence on the temperature field of the soil surrounding the structure.

Heat exchange between the soil and the surrounding (with respect to the
8s0il) medium occurs by three types of heat transfer: heat conductivity, con-
vection and radiation. Moreover, as was shown above, external factors of
heat exchange include the consumption of heat on evaporation and melting of
snow. Correspondingly one can point to the following basic methods of con-
trolling the heat exchange between the soll and the surrounding medium:

(1) increasing or decreasing indlvidual components of the heat exchange
without changing the mechanlsm of heat transfer;

(2) changing the mechanism of heat transfer;

(3) using additional sources or dissipators of heat.

The first method of controlling the external heat exchange 1s used
primarily in improving the heat conditions for the system atmosphere-soil
(during preliminary preparation of bullding sites, mine dralnage conduits,
sites of ailrports, highways and rallroads, etc.). The possibility of con-
trolling the basic component of heat exchange between the soil and the sur-
rounding medium has been considered briefly above; more detalled measures of
controlling the external heat exchange is given in Chapter V.

The second method of controlling heat exchange is changing the mechanism
of heat transfer from the surrounding medium to the soil. Changling the
mechanism of heat transfer 1s used basically only for the system structure-
soil.

Changing the mechanism of heat transfer by heat conductivity is reduced
to the elimination of direct contact between the heat source or the absorber
of heat with the soll by construction measures. For example in providing for
a crawl space, heat transfer from the building to the soil will be by convec-
tion. A similar result will be attained by laying underground utilities in
underground condults.

In conversion of radiant energy to heat energy in some cases one should
also change the mechanism of subsequent heat propagation. The construction
of decking with an air space under it can change the transfer of heat from
heat conductivity to convection.

However, the possibility of controlling external heat exchange by chang-
ing the mechanism of heat transfer 1s limited and in most cases 1is of little
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effect. As a means of decreasing the depth of thaw, this method can be used
only where the temperature of permafrost is low and where the heat source 1is
of small dimension. In this case a great deal of lmportance 1s attached to
heat exchange 1n the system atmosphere-soll. Low temperature of the perma-
frost 1s an indirect slgn of increased heat exchange between the soll and the
atmosphere under changes 1n natural conditions.

The most effective and wldely used method of controlling heat exchange
is the use of various sources and dissipators of heat. In thls case coollng
and heating are accompllished by natural as well as artiflclal sources and
dissipators of energy.

This method 1s wildely used for thawilng permafrost with water, steam and
electric energy. The thawlng of permafrost occurs very rapldly 1f the supply
of heat 1s accompanled by some influence on the mechanism of heat transfer
(thawlng by means of exposed water jets, flltration-dralnage method, etc.).

Supplementary sources of coollng as a method of controlllng heat exchange
1s used most extensively to conserve the soll In the frozen state during 1ts
interaction with structures of various types. This method conslsts 1n the
transfer of heat from the soll or structure by a heat conductor wlth subsequent
dissipation of the heat into the atmosphere or some other medium. This method
was first used to conserve the soll 1n the frozen state at the base of build-
lngs by providing for a ventllated crawl space.

Subsequent development of the method of supplementary cooling of soll
led to the construction of cooling devices in the form of conduits In contact
wlith the structure or a system of tubes lald in the soil near the structure.
The tube type system of coollng has the advantage that the coollng occurs
within the so0ll mass. Moreover 1n such structures as earth dams, when their
base and core are to be preserved in the frozen state, the tube system is the
only posslble method. As an agent for removing heat one can use alr or brine;
which one 1s used 1s not important. The small heat capacity of alr can be
successfully compensated by 1ncreasing the cooling surface of the system and
the volume of alr passing through it.

The use of alr coollng 1s particularly expedient because under perma-
frost conditions as a rule 1t is sufflcient to carry out cooling only during
the winter time by using cold outside ailr. Artificial cooling may be used
only under exceptional conditions (to prevent accidental fallure, to eliminate
the effect of accelerated flltration of groundwater, etc.).

The coolling effect of ventllation systems using natural low temperature
alr during the winter can be intensifled by the provisions of reservoirs
filled with cryohydrates - salt solutlions which freeze at low temperatures.
During the winter, when outside alr 1s passed through the cooling system, the
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cryohydrates should freeze; in the summer, however, when the ventilation
system is switched off, the cryohydrates melt at temperatures below 0°C thus
preserving the surrounding soll in the frozen state.

The cooling effect of ventilation systems can be used also in summer,.
For this purpose the ventilation system 1is disconnected from the outside air
source and connected to auxiliary conduits laid in frozen soil. This measure
can be effective only if the frozen material surrounding the conduit has a
large moisture content: if around the auxiliary conduits there are reservoirs
of cryohydrates the efficiency will be greater. Measures for intensifying
the effect of cooling devices have not been taken in practice and require
further theoretical development and subsequent checking.

Cooling and heating sources are used for various purposes during con-
struction on permafrost. In this chapter we are touching on only the
fundamental aspect of the problem. Particular cases and individual solutions
applied to construction are considered in subsequent chapters.

2. Thermal Physical Properties of the Ground and
the Possibility of Controlling Them

Regulation of the heat exchange between the soil and the surrounding
medium is the most effective means of controlling the temperature field of
the soll. However, the external heat exchange does not determine the tempera-
ture field in any unique way. Under otherwise equal conditions it is formed
by the interaction of the soil with the surrounding medium and from thermal
processes in the solil itself depending on its thermal physical properties.

All forms of heat exchange occur in the soil (conduction, convection
and radiation). For practical purposes heat transfer by convection 1is
reduced to two basic cases.

(1) Heat transfer by convection occurs only within isolated pores;
interpore convection 1is secondary to heat conductivity.

(2) Heat transfer by convection occurs between pores (transfer of heat
by water, vapour and alr at times accompanied by evaporation and condensation)
and has an important influence on the temperature field of the soil.

In englineering calculations of temperature fields of the soill one can
include in the first case all frozen solls and also the majority of thawed
solls in which there is no filtration. 1In such cases the temperature field
of the soll can be found by using equations of heat conductivity and will
depend on the following thermal physical characteristics: heat conductivity
coefficient A, heat capacity coefficient ¢, unit weight of the soil y and
moisture content W.
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In the second case the transfer of heat 1s described by equations of
heat and molsture conductivity (Lykov, 1956). Thils case 1s of great interest
for solving problems of heaving, structure formation, etc. However, at the
present time there are no solutions for equations of heat and molsture con-
ductivity which can be used 1n englineering geocryology and for this reason
this case 1is not considered.

Thus the temperature field of the soll, in additlon to external heat
exchange, will be determined by thermophysical characteristics: A, ¢, y and W.
The first two characteristics A, c depend on 1ts unit welght and moisture
content (see for example Chudnovskii, 1954). Correspondingly one can use the
means of influencling the thermal physical characterlstics which consists of
changing the unit welght of the soll by compacting or loosening 1t and by
changling the molsture content by dralning or adding molsture.

Although the mechanlisms of changlng the thermal characteristlcs, unit
welght and moisture content of the soill have been extenslvely 1nvestigated by
laboratory methods they are not used to any extent in practice in controlling
the thermal regime of the soil. Thls 1is explalned by the fact that for fine-
grained solls, changlng the moisture content and density to any extensive
depth 1s accompanlied by conslderable technologlcal difficulties. This method
of controlling thermal processes 1s used effectively only 1n improving the
thermal conditions of the soil, since the surface layers under the influence
of natural conditions become compact, dry out or become more molst. Therefore
it 1s necessary to 1lntensify artificially the heat transfer in the required
direction which in this case is readily attalnable (Chapter V).

A more effective and technologically possible method of regulating the
heat transfer in the soil is the partlal replacement of the soll by other
materlal or types of soll possessing the requlred thermal physical properties.
These methods include the construction of various types of heat 1insulating
layers lald on the surface of the soil.

In engineering geocryology thawing 1s retarded, locallized or completely
eliminated by using insulating materlal having a low coefficlient of heat
conductivity or by using material with a high heat capacity and molsture
content.

If the flow of the heat is constant 1n one direction material with a
low conductivity coefficlent should be used. The rate of thawing will then
be decreased. Moreover, wilth sufflclently low temperatures of the permafrost
and limited dimenslons of the structure the final depth of thaw of the soil
in 1ts natural state can be decreased by usling material with a low coefficient
of conductivity; 1n some cases when the temperature of the permafrost is very
low and the structure 1s small thawlng may be completely eliminated.
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With steady state periodic thermal processes, when the heat flow
changes direction, it 1s convenlient to use material with a large moilsture
content. If placed on the surface of undisturbed ground or used to replace
the upper soll surface, molsture saturated material displaces the heat cycle
closer to the surface and thus facilitates a decrease in depths of thaw.

One of the methods of changling the thermal physical properties of soil
is by changing the mechanism of heat transfer. This method 1s reduced to
the substitution of one type of soll by another or the appropriate working of
the soll to eliminate interpore convection. Measures for reducing convective
heat transfer in the soll have recelved 1little development. At the same time
extenslve use 1s made of measures to intensify convective heat exchange
(thawing of the soll by filtration of water and flooding of coarse-grained
solls).

3. Natural Thermal State of the Ground and Its Alteratlon

As a result of thermal interactlon between the structure and the soil,
one of two states of dynamic equlilibrium in the soll may be formed: steady
state or perlodic steady state. 1In the soil beneath or around the structure
a thermal regime should be created which has the minimum harmful iInfluence on
cryogenic processes and ensures the required strength characteristics of the
soil.

In many cases the strength of the soll under a natural thermal regime
ensures the stabillty of the structure and cryogenlc processes have little
influence on the function of the structure. The heat exchange regime under-
goes changes after the structure is bullt; therefore under the new conditions
provision should be made for ensuring the natural thermal regime of the solls
or something close to it.

In other cases the soil under natural conditions does not satisfy the
requirements as a foundation base or medlum 1n which the structure is to be
placed, and the properties of the soll have to be improved before the structure
1s erected. One of the methods of changling the physico-mechanlcal properties
of the soll and also decreasing the influence of cyrogenlic processes on the
structure is changling the natural thermal regime of the soll before erection
of the structure, 1.e. creating a thermal regime which i1s required for normal
operation of the structure. Later when the structure is put to use, the
problem is reduced to retalning the newly created thermal regime of the soil.
It should be noted that such a thermal regime, if measures are provided for
conserving it, would be formed during the operation of the structure.
However, the new thermal regime would be formed over a prolonged period of
time and during this process the properties of the soll would not satisfy the
designed requirements and the structure would suffer deformation.
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With controlled change in the thermal regime of the soll the primary
factor is the physico-mechanical properties under natural conditions and the
possibility of changing these properties depending on the climate of the
construction site, the type of structure, hydrological conditions, etc.
Correspondingly, the change in natural thermal state is reduced to freezing
of the soil to create a frozen bearing medium of uniform strength when the
depth of the permafrost table is not uniform; to reducing the temperature of
the permafrost in order to increase the permissible pressure; to preliminary
thawing of the soll to prevent thaw settlement 1f 1t 1is impossible or
economically inadvisable to retain the soil in the frozen state.

Preliminary change in the initial thermal state is accomplished by con-
trolling the external heat exchange and using supplementary sources or dis-
sipators of heat.

Preparatory measures to change the natural state usually must be done
in a short period of time. Without changing the general principles of
controlling the thermal regime this requires intensification of the processes.
For further conservation of the newly formed regime during operation of the
structure, measures may be used which differ from those used during its
formation.

4. Changing the Surface of Interaction Between the Soil

and Its Surroundings

The temperature field of the soil depends on the shape and size of the
surface on which thermal interaction between the soll and the surrounding
medium takes place. The possibility of controlling the thermal regime by
changing the surface of lnteraction is extremely limited.

For the system atmosphere-soil this method of controlling heat exchange
is not used to any extent. One can only mention deep ploughing where the
surface 1s given a saw-tooth form as a method of improving thermal conditions
(Chapter V).

For the system structure-soil, the change in dimensions and the shape of
the surface of interaction is primarily limited to the dimensions and shape
of the structure which are determined as a rule by the purpose of the struc-
ture. Some possibilities of controlling the surface of interaction are
provided by supplementary heat sources and dissipators of heat. If it is
necessary to decrease the depth of seasonal thaw at the outside walls of
buildings with ventilated crawl spaces, the surface of interaction can be
increased by bulilding ventilated decking around the perimeter of the building.
This ventilated decking willl be equlivalent actually to extending the ventilated
crawl space. In this respect buried coollng conduits or pipes present great
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possibilities. By selecting the dimensions and number of condults or pipes
the surface of interaction can be changed. A simllar change 1n the surface
of interaction can be achleved for example by thawing the soll using covered
jets, the heat source being steam, water, etc.

5. Interaction of Varlous Factors 1n the Formation of the

Ground Thermal Regime

The thermal reglime of the soll 1s formed from the interaction of all the
factors considered above; external heat exchange, heat transfer 1n the soil,
thermophysical characteristics, natural thermal state which on changing
initiates the formation of the temperature fleld, the dimensions and shape of
the surface of interaction of the soll with the surrounding medium. During
the formation of the temperature flield the majJority of these factors reacts
reclprocally.

The mechanism of heat transfer in the soll and also the thermal physilcal
characteristics of the soll depend on heat exchange between the soll and the
surrounding medium. For example, during rapld freezing of the ground caused
by large losses of heat 1nto the surrounding medium, there 1s practically no
redistribution of molsture in the so0ll during the freezing process, 1.e. there
1s almost a complete absence of convective heat transfer; on the other hand
slow freezling caused by small heat losses can greatly 1ncrease migration and
consequently convective heat transfer.

Processes of evaporation and condensation in the contact layer may on
the one hand bring about a movement of molsture 1n the soll, 1.e. facllitate
heat transfer by convectlon; and on the other hand they influence the thermal
physical characteristics of the soll changing its molsture content. In turn
the thermal physlcal characteristics of the soll to a conslderable extent
determine the rates of evaporation and condensation. These processes are
interrelated with the formatlion of the radlation component of the energy
balance; with changes 1n the molsture content of the contact layer which
depends on the molsture content of the soll and on evaporation or condensa-
tion; the albedo of the contact layer also changes as well as 1ts temperature
and radiation properties, and consequently the radliation component of the
energy balance.

Turbulent heat exchange depending on the temperature of the contact
layer also affects 1ts temperature, the rates of evaporation and condensation,
radlation balance, etc.

Changes 1n the heat exchange in the system structure-soll has an influence
on the heat exchange 1n the system atmosphere-soil.
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The initlal thermal state of the soll, and the shape and size of the
surface of interaction of the soil with the surrounding medium, influence
the rate of establishment of the state of dynamic equilibrium and also the
temperature of the contact layer and consequently all other factors determin-
ing the temperature fleld of the soill.

Thus ail factors determining the temperature fleld are interdependent.
At the present time 1t 1s impossible to take 1its 1nterdependence into account
in engineering calculations. Therefore, it must be assumed that thermal
physical characteristics of the soil and the heat transfer mechanism do not
depend on heat exchange with the surrounding medium. Some possibllities of
taking into account the interrelationship between the external heat exchange
and heat transfer within the soil, while determining the temperature fleld,
occur when equations of energy balance (4.8), (4.9) and (4.10) are used as
boundary conditions in thermal calculations.

6. Principal Methods of Thermal Engineering Calculations

(a) The general position

The problem of thermal engineering calculations is to determine the
temperature fleld since the physico-mechanical characteristics of the soll
depend essentlally on temperature, and the 1ntensity of geocryological
processes depend on the rate of change of the temperature field (Chapter III).
Taking 1nto account particularly rapld changes in the physilco-mechanical
characteristics of the soil during changes 1in the phase composition of the
water, the flrst thing to be done 1s to determine the boundary between the
frozen and thawed state of the soll, 1.e. the position of one 1sotherm -
thawing or freezing; the relatively small pressures exerted by present-day
structures on permafrost make 1t possible for the most part to neglect other
factors.

The freezing and thawlng of the moisture in flne-gralned solls occurs
in a layer of freezing or thawling soll having a wide range of below freezing
temperatures (Chapter III). Correspondingly Kolesnikov (1952) obtalned a
differential equation which takes 1into account the evolution or absorption
of heat of crystallization in the layer of freezing or thawing soil. This
equation can be solved only by numerical integration which makes 1t impossible
for the time belng to use the mechanism developed by Kolesnlkov for solving
englineering problems.

To simplify the problem at the present time 1t 1s still assumed that
the heat of crystallization for flne-grained solls as well as for coarse-
gralned solls 1s evolved or absorbed on a mobile interface between the thawed
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and frozen soll and not 1n a layer of soll. Then the problem of determining
the temperature fleld during thawing of the soll in the permafrost reglon can
be formulated for uniform solls in the followlng manner. The temperature

fields in the reglions of thawed and frozen soll, respectively, are described
by the Fouriler equations (for the sake of brevity a unidimensional problem 1s

considered): .
O 3%y )
9
T _ T
3 Sz o 0ixch
> . (4.15)
gfl‘_—., ?—2"2- h < X < o
at pax2z =% =
The 1nitial conditions:
when t = 0; h = 0; Ve = f(x). (4.16)
The boundary conditlons:
aoT
when x = 0, R(t) + P(t) + E(t) + Ap 3% = 0; (b.17)
X =0

when x = h, ¥q = dp, = V.

The conditions of union at the boundary of the thawed and frozen soils,

3 LRy
T fr oh
Am | == - A —_ = Q.W H (4.18)
T[ax:’x = h fr[ ax]x = 0 0" 3t

where OT ~ temperature of the thawed layer of soll,
ofr - temperature of frozen soll,
¥y - temperature of the melting of 1ce 1in the soll,
8y s8pn coefflcients of diffuslivity of the soll in the thawed and frozen
state,
xt,xfr - coefficlents of heat conductivity of the soll 1n the thawed and
frozen states,
h - depth of thaw,
w - quantity of ice 1n the soil,
R(t); P(t); E(t) - heat exchange components, the same as in equation (4.8),
qQ, - melting polnt of 1ice.
Present-day mathematics cannot produce a precise solution to this
problem. Moreover, great difficultles are involved in producing a suf-

ficiently simple analytical expression for the functions of R(t), P(t) and
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E(t) in condition (4.17). The analytical solutions obtalned even for
the simplest boundary conditions (Rubinshtein, 1947; Datsev, 1947; and,
Volokhonskil, 1950; Shekhter, 1955, and others) cannot be used for
englneering purposes.

The mathematical difficultlies 1in solving equations (4.15) with
the condition of the union of temperature flelds at the boundary
between the frozen and thawed soil (4.18) has forced the search for
a simplified solutilon.

The greatest consumptlon of heat during the thawing of molst soil
goes to change the phase composlition of water and the Interface between
the two states of the soll (thawed and frozen) 1s usually displaced
very slowly. As a result, the temperature flield in the thawed or frozen
layer of soll at any moment of time is close to the steady state, whereas
the non-steady state process can be regarded as a continuous transition
from one steady state to another. Thls specific feature of freezing and
thawlng of moist solls has been used as the basls for a number of solutlons,
In these solutions 1t 1s assumed that 1n frozen or thawed layers the
temperature of the soll varles according to the law of a steady thermal
state or is approximated by some functlion satisfying the boundary condi-
tlons. Thils method 1s formulated most fully 1n papers of L.S. Leibenzon,
(1931, 1939). Moreover, 1n such analytical solutions simplified initilal
and boundary conditions are used.

For the initial conditions usually one of the following variants 1is
given: (a) the temperature of the soll is equal to 0°C; (b) the temperature
of the soil is different from zero but constant with depth, (¢) the tempera-
ture of the soll varies linearly with depth.

As boundary condltions 1t is assumed that the source of heat 1s
generated instantaneously and furthermore the temperature either at the
surface of the soll or in the surrounding medium remains constant.

The components of the external heat exchange can qulte readily be
introduced in analogous solutions 1f one takes turbulent heat exchange into
account according to equations (4.3) or (4.14). In this case the boundary
condition (4.17) is written in the form

3y

R(t) + al9,(t) - 9_(£)] + E(t) + )\TI:E-;Z:I = 0.
X =0

Introducing the equlvalent temperature ﬁe corresponding to the total
effect of the components of the external heat exchange on the thermal
regime of the soll we obtain
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3y
a3 (t) - 3 ()] + AT[gx—T] = 0, (4.19)
X =0

where

= R(t) E(t)
oe(t) —ﬁa(t) + = + =

If one assumed that 9., 94 (see equation 4.13), R and E are constant,
the radiation component of heat exchange and the consumption of heat on
evaporation or 1ts evolutlon during condensation can be taken into account
in any of the approximate solutions.

For an approximate estimate of the influence of the radiation com-
ponent of the heat exchange and the consumption of heat during evaporation
on the equivalent temperature, we use the observations of heat exchange
components carried out on experimental plots in the vicinity of the Aldan
River (Bakakin, 1955). The data of observations are given in Table XXIII.

In thermal engineering calculations of the thawing and freezing of
solls, the coefficient of heat exchange o is usually used which is obtained
for engineering structures within the range of 10-30 (Iskrin, Luk'yanov
and others), since there are no special investigations of this problem.
For a natural plot where turbulent heat exchange 1s retarded by vegetation
cover, we assume the coefficient of heat exchange to be 15; for coarse
gravelly deposits which have the greatest similarity to the appropriate
surfaces of engineering structures a = 20 and for artificially blackened
gravelly deposits where one can expect accelerated thermal turbulence,

a = 25.

The equivalent temperatures calculated from the data of Table XXIII
and the assumed heat exchange coefficient are given in Table XXIV.

From the date in Table XXIV one can estimate the influence of the
radiation component and heat consumed by evaporation on the value of the
equivalent temperatures. These data are only approximate since at the
present time the coefficient of heat exchange cannot be determined with
sufficient accuracy. Nevertheless one can conclude that in the majority
of cases 1t 1s necessary to take into account simultaneously both the
consumption of heat on evaporation and the radiation heat exchange com-
ponent. Taking into account only the radiation component gives an exces-
sive value to the equivalent temperature. Thus for a plot with natural
cover the mean equivalent temperature in July taking only radiation into
account will be
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I3, =9, +

R
e a a

= 17.0 + 7.2 = 24.2°,

whereas 1f consumption of heat on evaporation 1s also consldered oe = 18.8°cC
(Table XXIV). Therefore as a first approximation, if there are no data on
evaporation, 1t 1s more rellable under natural conditions to consider that
freezing and thawing 1s due only to heat exchange between the soll and the
alr for determining the depth of freezing and thawing. The results given
in Table XXIV also permit the concluslion that 1in calculating the thermal
regime for the fill of a rallroad bed and dry slopes of dams one should
take as the boundary conditions not only the heat exchange with the air
but also the radiation component of the heat exchange and the consumption
of heat on evaporation, or 1n the first approximation consider only the
heat exchange with the air.

Only in the determination of the depth of freezing or thawlng of earth
roadbeds with hard surfaces where evaporation 1s practically excluded can
the radiation component of heat exchange obviously be considered.

Thus a precise consideration of heat exchange between the soll and the
atmosphere 1s difficult at the present time since there are no reliable
data with which to determine the loss of heat on evaporation and the coef-
ficlent of heat exchange ao. The heat exchange coefficlent o varles over
a wlide range; however, 1f one takes 1into consideration only the heat
exchange wlth the alr 1t has 1little influence on the heat flow within the
soll.

A more precise determination of the heat exchange coeffilclent 1s
requlred when the calculations take into account such components of the
heat exchange as the consumption of heat on evaporation and radiation.

(b) Approximate analytical solutions

Approximate analytical formulae are used extensively in calculations
during the design stage for the thermal 1nteraction of various structures
and solls.

Moreover, in a number of engineering calculations they ensure the
required accuracy at the present time (preservation of the frozen con-
dition of the foundation soils under bulldings with ventilated crawl
space, determlnation of the depths of thaw at the base of roadbeds with
hard surfaces, etc.).

Many of the problems 1n englneering geocryology can be classified
as unldimensional in which the temperature fileld depends on a single co-
ordinate (determination of the depth of thaw: wunder natural conditions,
in earth roadbed constructed 1n opened excavations, at ground level or on
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low embankment, problems of thermal improvement, etc.). Some problems
which are essentially two dimensional can also be considered approximately
as belng unidimensional (determination of the depth of thaw under bulldings
with ventilated crawl spaces, under the central part of bulldings covering
a large area, etc.).

On the basls of the simplification consldered above, a large number
of calculation formulae have been obtained for determining the depth of
freezing or thawing for unidimensional cases (Krylov, 1934; 1540;
Leibenzon, 1939; Luk'yanov, 1946; Saltykov, 1944; Khakimov, 1952, etc.).

The baslc difference between these formulae 1s the method of taking
into account boundary conditlons, heat capaclty of freezlng or thawing
soll and heat flow from the underlying thawed soll in the case of freezing
or heat flow into the underlying frozen soill during thawlng.

The boundary condltlions are usually given 1n the form of the
surface soll temperature or the temperature at a certaln depth in the
form of the temperature of the surrounding medium. In any of the
formulae, taking into account the temperature of the surrounding medium,
the temperature of the medlum can be replaced by the equivalent tempera-
ture and in thilis way all the components of the external heat exchange
" can be accounted for.

Below, the most widely used formulae are given which differ 1n the
quantity and methods of taking into account various factors influencing
the depth of freezing and thawing of the soil.

The formula for determining the depth of freezling was first derived
by Zaal'shyuttse; later asimilar formula was derived by Stefan (Golovko,
1949) and it was named after him:

h =

T2t
«] _— . (4.20)

T s
Qv
This formula 1is based on the consideration that all the heat entering
the soll on thawlng or eliminated on freezing goes to change the physical
state of the water in the soll. Thils formula does not consider either
the heat capaclty of the soll or heat flow to the underlying frozen soil
from the thawlng boundary. In engineering geocryology 1t can be used only
for very rough calculations of the depth of thaw of permafrost i1f the
temperature at the depth of annual amplitude 1s close to 0°C.
The heat capaclty 1n formula of the type (#4#.20) was first taken into
account by Stefan (Golovko, 1949),



-33-

2An0 t
h = ———T—Cs—o— 3 (11.21)
T s
qow + 2

where CT - volumetric heat capacity of thawed soll.

The introduction into the formula of the additional factor of heat
capacity does not increase the accuracy of the formula to any extent and
the possibilities of its use in calculations are the same as for formula
(4.20).

It should be noted that the consumption of heat on heating thawing
soil or heat flow from freezing soil in the form in which it was done by
Stefan can be introduced in any of the unidimensional formulae given
below (for example, in the formulae of Krylov, 1934, 1940, and others).

The perfection of formulae of the type (4.20) and (4.21) is reduced
mainly to taking into account heat exchange with the surrounding medium
and heat flow from the thawing boundary into the frozen soil or heat flow
from unfrozen soil to the freezing boundary.

Krylov (1934) suggested defining the freezing of soill as the result
of two independent processes: the freezing of soill from above and the
thawing of soil from below considering the heat flow from the unfrozen
soll q as being constant. Then the depth of freezing according to Krylov
would be,

A0t
h=j_u__3s, (1. 22)

AW o”
Formula (4.22) is semi-empirical since the single process of freezing
and the heat flow to the freezing boundary are considered separately.
With 1t one can calculate freezing over a relatively short period of time.
Later Krylov (1939) derived a formula suitable for any interval of
time,

A a Ao
t = qow( 25 0 TS g) : (4.23)
q? fr-s
A great contribution to the development of approximate methods of
calculating the depth of freezing was made by V. F. Luk'yanov (1946).
In the formula he derived, the most complete consideration is given for

factors influencing the depth of freezing,
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¢ = w + Corda\[Prra 1n ‘ppda — G5 _h” (4.28)
= \Y% 2 q2 xfroa - q(h + 38) ql’ :

= 1 .
where S = Afr(E + R) 5

R - the thermal resistance of insulation on the soll surface.

The instructlons developed by V. S. Luk'yanov and N. V. Golovko (1957)
in which a basis 1s given for the selection of initial data including the
heat flow q permits effective use of formula U4.24 for calculating the depth
of seasonal freezing of the soll.

The determinatlion of the heat flow q 1s of course difficult. There-
fore attempts were made to determlne 1t analytically. Kh. R. Khakimov
(1952) assumes that at some distance from the freezing boundary or thawlng
boundary the temperature of the soll remalns practically constant. The
distribution of temperatures in the soll below the freezing or thawing
boundary 1s approximated by him to the function

Yo X
(x) = T 1ln no h « X <L, (4.25)
1n =
h
where Oe - the natural temperature of the soill at a distance L;
L - the distance from the surface to the depth where the

Influence of freezlng or thawing at a glven moment of
time 1s practically absent.

On the basls of observations of the distribution of temperatures
during freezing, Khaklmov conslders that the ratlio L/h can be assumed
constant and approximately equal to 5.

If one conslders heat insulation at the soll surface and asumes that
the distribution of temperatures in frozen soll 1s analogous to expres-
sion (4.25) the depth of thaw will be

: 2. F ML 9t
h=-S+JSz+ T a fre | (4.26)
Crnd
T"a
qow+ 5
where
_ h + S
m=1n ¥y
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The value of coefficlent m in formula (4.26) depending on the thermo-
physical characteristics of frozen soll can be taken as 0.5 to 0.6.
Formula (4.26) 1s valid when Apdy > —mAp . In formula (4.26) the heat
flow from the thawlng boundary 1into the frozen soll 1s variable and the
zone of constant temperature Oe during thawling continually moves away
from the thawing boundary, which 1s the maln advantage of the formula.
The temperature gradient varles usually within a narrow range (0.02 -
0.03°C/m which makes 1t possible to assume in calculations that the
temperature Oe 1s constant.

In the derivation of a number of formulae (Lelbenzon, 1939; Iskrin,
19523 Voitkovskii, 1954, and others) 1t was assumed that the temperature
of the soll at the beginning of the process was constant with respect to
depth; then in the frozen soll on thawing or in unfrozen soll on freezing
it varies according to equation

3i(x, t) = 3, erf(:/-_t_h) . (4.27)
a

Of the formulae derived uslng temperature distributlon according to
(4.27), the formula of Iskrin (1952) takes the most complete account of
factors on which the depth of freezlng depends and 1s a further develop-
ment of the Leibenzon formula (1939),

h=—s+/5 + b%t, (4.28)
where
2An
o eon [ T
CTo
w + a
qo 2
M = °e «/ >‘fr'cf‘r'
CTOa 1r

qow + 5

Formula (4.28) has a rather complex form and at the same time is no
more preclse than, for example, (4.26).

Formulae of the type of (4.26)and (4.28) can be used for determining
the depth of thaw under the central part of a heated structure for a time
period of 4 - 6 years.

The heat flow from the unfrozen soll to the freezlng boundary during
seasonal freezlng 1s usually a small value and can be averaged for the
entire perlod of freezing. The same can be sald of the heat flow into frozen
soll from the thawlng boundary in the southern part of the permafrost region.
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In reglons where the temperature of the permafrost 1s low durlng the
winter there 1s 1lntensive cooling of the upper soll strata and at the
beginning of the thawlng period the temperature of the soll 1s subject to
considerable variation with depth (Figure 21). The heat flow from the
thawing boundary into the frozen soll 1s substantlal at the beginning of
the thaw and subsequently decreases.

In determining the depth of thaw under structures, thls temperature
distribution will have some 1nfluence on the depth of thaw only during
the first year after erection of the structure and only 1f the erection of
the structure colncides with the beglnning of thaw under natural conditions.
Therefore in determining the depth of thaw under structures the temperature
of the frozen soil (¢9) can be taken as constant.

If a determination 1s to be made of the depth of thaw under natural
conditions or at the base of an earth roadbed one cannot regard summer
thawing separately from winter cooling. However, the consideration of
winter cooling at the present time can only be done very approximately
from observatlion data under natural conditions. On the basls of these
data a determination 1s made of the heat flow q separately for each
month which requires observations throughout the entire summer period.
Therefore, the measurements are restricted usually to the distribution
of temperatures at the beginning of the thawling perliod and it 1s then
averaged to a depth at which 1t remalns practically constant during the
summer, 1.e. a depth of 6 - 10 m (Figure 21). This technique permits the
use of formulae of the type (U4.26) and (4.28) for determining the depth
of thaw under natural conditions and at the base of earth roadbeds.

In a manner differing from those consldered above heat flow in
frozen solls 1s taken 1nto account 1in the formula of Redozubov, first
published by N. I. Saltykov (1944),

Am Ot
h=_s+Jsz+_i‘_a_, (4.29)

where n - an empirical coefflclent which takes into account the consumption
of heat on warming up the frozen soil.

The determination of coefficient n in formula (U.29) presents con-
slderable difficulties and as a result thils consideration of heat flow
in frozen soll will not be wildely used. An attempt was made to determine
coefficient n theoretically by S. V. Tomirdiaro (1957) which uses a
linear temperature distributlion in the frozen zone but has ho advantage
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over the consideration of heat flow in the frozen zone in formulae of the
type (4.26) and (4.28) and at the same time tends to reduce the value of
heat flow.

In the above formula the temperature field in the freezing of thawing
soll and also in the underlying soils was approximate and an extremely
primitive consideration was given to the influence of winter cooling.
Therefore all these formulae are applicable mainly to determining the
depth of thaw or freezing during a steady state perliodic regime (at the
base of buildings with ventilated crawl space, at the base of earth road-
beds, etc.). They do not permit a consideration of the dynamics forming
the depth of thaw or freezing after disturbance of the natural conditions.

Of particular interest 1s the use of these formulae for calculating
multi-layered media such as fllls conslsting of mineral solls, a mantle
consisting of several layers with different thermal physical properties.

In thls case there are two methods of taking into account the thermal
physical properties of individual layers of multilayer medla. Using the
first method one can determine the time of thawing of the first layer using
the most suitable formula for calculation; then after including i1its thermal
resistance in S one can determine the time of thawing of the second layer,
etc. With this methed it 1s difficult to take into account the thermal
capacity of the thawed layers. At the same time the material used for
the f111l and the separate layers of the mantle usually has a very low
moisture content and as a result 1ts thermal capacity must be consldered.
Therefore, a multi-layer medium should be converted to a homogeneous
medium which can be done if one uses the criteria Fo and Bi (Veinrub and
others, 1934). Here, for the newly obtained equivalent layers having the
same coefficient of heat conductlivity, the moisture content must also be
replaced by the equivalent molsture content (for more detalls see
Chapter VIII).

The solution of two-dimensional problems and particularly three-
dimensional presents great difficulties. Thus for engineering calculations
there are only a limited number of formulae which are short of satisfying
the requirements of engineering practice.

These formulae are derived on the basis of simplifications considered
above for a unidimensional problem.

The greatest number of formulae have been obtained for determining
the time of freezing of a cylinder, or radius of thawing and freezing
around a pipe (Leibenzon, 1931; Charnyi, 1948; Khakimov, 1952, and others).

The most complete consideration 1s given to factors governing the
radius of thawing or freezing around a cylinder in the formula of
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Kh. R. Khakimov (1952) in whieh G. A. Martynov introduced the heat exchange
coefficlent « between the surface of the cylinder and the heat carrier
flowing along it. This formula has the form

rsS [ r Crl . &
= 2 9 - _T"o "a 2 _
Kl e (1 = 23)(‘10” mCrn¥e) ¥ — 33 ](5 1) +
r? Cor3
0 T o £2 - 1
+ 55— (qw -mC_ 9 )E%2 1n ¢ - { +
2ATﬂé o] fr*a HXT 25 + r, ln &
Cmr S r r
T o (o} o
where r, - radius of the cylinder,
£ = rit) - relative radius of thawing,
o

r(t) - radius of thawing;

~at-1..,
L v S
In deriving formula (4.30) an assumption was made that there is a
mobile radius of influence R(t) beyond which the temperature 1s practically
constant. According to data of Khakimov (1952) the empirical coefficient

= %%%% can be assumed to be U4 ~ 5. Numerical calculations according to

formula (4.30) indicate that if the term 1n braces 1is neglected the error
does not exceed 5 - 10%.

For determining freezing or thawing around a plpe or a system of pipes
taking Into account heat exchange at the soll surface there is only one
formula, derived by A. G. Kolesnikov in 1944, which has not yet been
published. 1In deriving formula (4.31) Kolesnikov assumed:

1. Steady state of the temperature fields 1n the frozen and thawed
zones.

2. Constant temperature of the heat carrier i1n the pipes and that
thls temperature 1s equal to the temperature of the surface of the pipe
(9.

A diagram explalining the application of Kolesnikov's formula 1s
shown in Filgure 22,
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qowrg 1 .
t = 559—— {€2(1n €2 - 0.5) + 0.5 - (1 - =) B(E? - 1) +
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2h
B = 1n - for a single pipe,
0
_ 27rh b
B = B + 1n 2"ro - for a system of pipes,
h = ho + Aer - depth in the ground of the pipe or system of pipes
taking into account the heat insulation.
-X
-2z
Ei(—x) = /| £— dz - tabulated function.

Z

The radius of freezing (r(t) = rog) obtained from equation (4,31) 1is
an average value since the boundary formed by the frozen body around the
plpe is not circular. Therefore wlth some relations of values 1n equation
(4.31) r(t) > ho may be obtalned which indicates complete freezing of the
soll above the plpes.

It should be noted that for a system of plpes 1in the case of

rit) : E%— the upper boundary of the frozen soil can be considered

practically horizontal.

To determine the thaw basin in the soil beneath the foundation of
heated buildings with respect to time as a two dimensional problem there
is as yet only one analytical solution, that of S. S. Kovner (1933). 1In
this solution it 1s assumed that the initial temperature of the soll is
equal to the thawlng temperature (oo). This temperature 1is maintained
throughout the entire period of thawing at the ground surface outside the
building (Figure 23). The solution does not take into account thermal
insulation of the floor: a constant temperature 1is assumed for the
ground surface under the building (os).

The Kovner solution reduced to a very simple form by N. N. Saltykov
has the form

3. -

Vs 7 Y%

t =1 (g), (4.32)
qowl2

where I(g) - a tabulated function.
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The value of £ 1s found from the graph shown in Fig. 23.
The radius of the thaw basin 1s determined by the relation

R = /T ¥ E2. (4.33)

It should be kept in mind that in deriving formula (4.32) half the
width of the bullding is taken as the unlit of measurement. Therefore,
the values of £ and R according to formulae (4.32) and (4.33) are obtained
in conventional units and for conversion to metres they should be multi-
plied by half the width of the bullding (1).

Formula (U4.32), by virtue of the suppositions taken in deriving it
(temperature of the soll and temperature at its surface outside the
building is equal to 00), can be used to determine the thaw basin only
for southern parts of the permafrost reglon where the temperature of the
permafrost is close to 0°C. Moreover the formula does not include the
thermal resistance of the floor of the first storey which further limits
its application.

K. F. Voltkovskiil (1954), by generalizing individual solutions
carried out on the hydrointegrator, obtained a semi-empirical formula
for determining the position of the freezing boundary beneath the centre
of an ice storehouse. Thls formula can be used for determining the
depth of thaw of the foundation soll of a bullding taking into account
lateral heat flow. In this case the formula has the form

h = —B  _ 5, (4.34)

© 1 + kvE

where ho ~ depth of thaw beneath the centre of the bullding,
t - time in hours.
The emplirical coefficient k i1s determined by the formula

3 9.
kK = 0.14 (1 + J b—g)J egT , (4.34a)
1 b w

where b -~ half the width of the building,
\ - half the length of the building,
ﬁe - mean annual ground temperature outside the building.
The value of h in formula (4.34) can be found from one of the above

formulae for solving the wunldimensional problem.
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The determination of steady temperature flelds in the foundation
solls of various structures 1s greatly simplified 1f one uses the method
of S. G. Gutman (1952) who suggested introducing the reduced temperature
in the form of a boundary conditilon.

_ A
1’re N i——'o'

In thlis way the nonhomogeneous thermal physical characteristics of
thawed and frozen soll can be reduced to a homogeneous medium and for
separate zones we will have, respectively,

Ap
(O) = 37— dp-
T’ re Are
A
fr
(0,.) = — .
frire Are fr

If one takes as the reduced medium the thawed zone (Are = AT), the

below freezing temperature at the boundary of the frozen zone willl be:

Afr

(Vep)pe = IE—'ﬁfr

In the reglon of thawed soll the temperature fleld will correspond
to the true value and in the region of frozen soll the temperature will
vary by the factor of Af/)T.

The method suggested by Gutman permits summing and expansion of
temperature flelds. Using known solutions G. V. Porkhaev in 1957 with
thls method obtalned the temperature fleld in the foundation soll of a
bullding having n rooms with different inside temperatures and with dif-
ferent thermal resistance on the floors. The formula 1s rather complex
(Figure 24),

Afr

d(x, y) = T Gy + 82(0.5 - %—arctan §2>+ @1(0.5 - %—arctan gl)J_
T

n
- % ; os [arctant;2 - arctan&1 + exp Y (sin X,c¢1X,- sin X,ciX;-

- cos X,s1X, + cos X;si1X,) - I, (X,, Y) + I, (X,, Y), (4.35)
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G - mean annual temperature gradient of the permafrost.
For practical purposes formula (4.35) is reduced to the form

A
o(x, y) = ;%3 [Gy + &f(g,) + ©,f(&;)] -

n
- 1 9 [F (X, ¥) - F (X, )], (4.36)

1
where f(t), F(X, Y) - tabulated functions.

An example of calculation and graphs of f(&) and F(X, Y) are given
in Chapter VI.

The above analytical solutions can be used to determine only the
position of the interface between the frozen and thawed soil. The
temperature field 1is distorted.

A more precise temperature field and also the 1nterface between the
frozen and thawed soil for any boundary conditlions and any initial temper-
ature distributlon can be obtained by solving equation (4.15) numerically or
using methods of analogy and computers.
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(¢) Numerical methods (method of finite differences)
Difficulties arising in analytical solutions of heat conductivity

equations led to the development of methods of numerical analysis. Usilng
the method of finite differences one can solve any problem of heat con-
ductivity. This method does not impose any limitations on the cholce of
initilal temperatures, boundary conditions and thermal physical character-
istics. For variable thermal physical characterlstics 1t has been worked
out in greatest detall by A. P. Vanichev (1946) but the use of this method
even for solving unidimensional problems involves a great many calculations.
The computation of two-dimenslional or three-dimensional temperature filelds,
taking into account changes 1n the physical state, involves a great deal of
work which make this method of 1little use 1in solving problems of englneer-
ing geocryology.

(d) Methods of analogy and computers

The analytlical solution of problems of heat conductivity, particularly
with complex boundary conditions and variable thermal physical character-
istlcs, 1nvolves 1nsurmountable difficulties. The method of finite differ-
ences 1nvolves a great deal of calculation work.

The simulation of a particular phenomenon with the help of models of
the same physical nature as that of the object under 1nvestigation involves
many difficulties (high expense in preparing the model, large consumption
of time, complexity of measurements, etc.). This makes the method of 1little
use 1n solving practical problems and as a result there 1s a trend to
reproduce the given phendmenon by analogues which are described by the same
mathematical relatlionships but much more easlly carried out. This led to
the construction of devices for solving differential equations of heat con-
ductivity based on analogues.

For solving problems of heat conductivity the most widely used are
devices of electric and hydraulic analogues. The first of these are based
on analogies between the distribution of temperature 1n a solid and a-
distribution of voltages in an 1nductionless conductor; the second 1is
based on the analogles between the mathematical relationships describing
the distribution of heat 1n a solild and the motion of water 1n a hydraulic
circult with a laminar regime.

For solving differentlial equations by the method of electrlc analogues
Academiclan N. N. Pavlovskll developed a device which has become widely
used for solving planar problems of flltration of groundwater. The develop-
ment of thils method has led to the creation of three-dimensional models.
The propagation of heat in a solid and the filtration of water in a fine-
grained medium are described by the same equations; therefore the method



Ll

of N. N. Pavlovskil was successfully used for solving problems of heat
conductivity. An advantage of thls method 1s the possibility of a com-
paratively simple determination of the temperature fields with a complex
profile of the surface of interaction between the soill and the surrounding
medium takling into account changes in the thermal physical characteristics
of the soll for any stratification. However this method can be used for
solving only problems of steady state heat propagation which greatly limits
its application.

Further development of the method of electric analogues was made by
L. I. Gutenmakher (1943). The design principles developed by him of unique
electro-integrators and devices built under hls direction can be used for
effectlively solving various problems on the propagation of heat for steady
state as well as non-steady state conditions.

However the electro-integrators being bullt at the present time can-
not take into account changes in the physical state of substances which
greatly limits the possibllity of using them for englneering geocryology.
At the same tlme the accounting for changes 1n the physical state of sub-
stances 1s possible 1n principle. With such a modlification electro-
integrators could find extensive use for calculating temperature flelds
of freezling and thawlng solls.

Particularly great advances have been made in solving problems of
heat conductivity taking 1nto account changes 1n the physlcal state after
the invention by V. S. Luk'yanov in 1934 of a device of hydraullc analogues
(Luk'yanov et al. 1957). With this device one can determine the temperature
field under any 1initial and boundary conditlons takling into account the
changes in the physlcal state of the substance. A great advantage of the
device 1s that transitlonal processes can be reproduced for practically
any perliod of time. Thls makes 1t possible to change the parameters of
the system during the process of solutlion and also makes 1t possible to
observe graphlcally the entlire process of the formation of the temperature
field. However for solving two dimensional problems a considerable amount
of time is required (primarlly for assembling and regulating the device).
For example, 1n determining the temperature field at the base of bulldings,
present-day devices requlre about two weeks for one particular solution
taking into account assembly and control. When the device has been adjusted
approximately one day 1s required to solve each subsequent problem.
Unfortunately the theory of errors for thls device has not been developed
with which one could, 1n conjunction with the required accuracy of solu-
tion, break down the field of investigation into sectlons to establish
permissible errors in calibrating two different parts of the device, etc.
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Other defects of the device are 1ts awkwardness and the possibility of
dividing the field of investigation into only a small number of units.
For solving a three-dimensional problem in engineering geocryology 1t 1s
necessary to dlvide the fleld under lnvestigatlion into not less than

800 - 1000 units which makes 1t exceedingly difficult to solve this type
of problem with exlstlng devices.

At the present time, for solving equatlons of mathematlcal physlcs
successful use 1s made of hligh-speed electronlc computers of the BESM
type. The use of present-day computers would make 1t posslble to set any
initlal and boundary conditions, to conslder any detall of elther two-
dimensional or three-dlimensional problems, thus glving a maximum approxi-
mation to reallty. However, for using modern electronic computers, solu-
tlons must be found for the problems at least 1n the most general form.
Such solutlions have been worked out only for the unldimenslonal problem
with simplified boundary conditions (Rubinshtein, 1947; Melamed, 1957).

The working out of solutlions for two-dimensional and three-dimensional
cases, as well as for unidimensional but with boundary conditions of the
third order, 1s the problem to be solved in the near future.
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Table XXI

Albedo (in decimal fractions) for some types of contact 1ayérs

Type of contact layer Albedo Source
Snow, freshly fallen . . . . . . . 0.85 Sapozhnikova, 1950
Snow, dirty and thawing . . . . . . 0.40
Green Erass .« « + + s s a4 s s s 0.28 Kalitin, 1938
Dry Brass8 .« « « o o o o o o o o o o & 0.19
Swamp with shrubs (mar') . . . p.20-0.25 Bakakin, 1955
TUNdra . « « « o « o o s+ « » o « @ p.15-0.20 Budyko, 1956
Brush . ¢« ¢ o ¢ ¢ o o o o o « o & 0.10
Deciduous forest . . « . . « « « o 0.20
Pine forest . . « ¢« ¢« ¢« + « « o « + «[0.,10-0.15 Sapozhnikova, 1950
Light coloured bare soil . . . . . . . 0.35
Dark coloured dry bare soll. . . . . 0.15
Dark coloured moist bare soil. . . . . 0.10
Dark coloured freshly ploughed soil. 0.05
Concrete mantle . . . . . . . « . . . 0.25
Mantle consisting of optimum gravel 0.12 Stepanov, 1955
mixture C e e e e e e e e e e
Crushed stone mantle . . . . « . . .« 0.14
Table XXII

Consumption of heat on evaporation kcal/m?2 hour

Type of evaporating surface Months
V|Vl VII VIII IX
Black fallow « « « « + o « « o & T4 84 105 66 35
Swamp peat e e e e e e e 951 99 105 70 L6
Winter rye 131|134 95 lg 21
Dats e e e e e e e e 921138 127 60 28
Artificial meadow. . . . . . 109|127 | 1u4 Th L6
Radiation component of the energy balance
during daylight hours 1381138 138 96 y2
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Table XXIII

Radiation component of heat exchange (R) and consumption of heat

on evaporation (E) for experimental plots, kcal/m2 hour

Months
Plot VIiT VIII IX
Natural R 107 81 37
E -81 -59 -20
Coarse gravel deposit, light ‘R 93 72 26
yellow in colour .
E -1 -38 -18
Same deposit artificially darkened R 107 79 35
E =36 -33 -18
Table XXIV
Equivalent temperature oe on experimental plots (°C) by months
VII VIII IX
Plot aﬁ1 E, B e a R B e a R E e
o a a a a 23
Natural . . . . 17.017.2{-5.4]18.8]13.3|5.4|-3.9|14.8]6.0 2.5/ -1.3| 7.2
Course gravel deposit,
light yellow in
CO].OU.I’ . . . . . 17.0 u.G -2.0 19.6 13.3 3-6 -1.9 15.0 6;0 1.3 -0.9 6.”
Same deposit arti-
ficlally darkened 17.0|4,3[-1,4{19,9{13.3]|3.2|-1.3[15,2|6.0 |1.4] -0.7| 6.7
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Fig. 19
Established thermal state with heat flow in one direction

a - thaw basin at the base of the building; b - underground
duct around which no provision 1s made to preserve the
permafrost; ¢ - thaw basin under a reservolr. 1 - soil

in a thawed state when the structure 1s in operation;
2 - soil 1n the frozen state; 3 - seasonally
freezlng and thawing soil
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Fig. 20
Established periodical thermal state

a - building with ventilated crawl space; b - shallow water duct;
¢ - road or alirdrome mantle. 1 - soil in the thawed state when
structure is in operation; 2 - soil in the frozen state;

3 ~ soll that freezes and thaws seasonally
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Fig. 21

Temperature distribution before the beginning
of thawing in regions with low mean annual
temperatures
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Fig. 22

Diagram explaining the application of formulae for calculating
the freezing of soill around ducts (after A.G. Kolesnikov)

1l - s0il in the frozen state; 2 - so0ll in the thawed state
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Fig. 23

On calculating the thaw basin at the base of a heated structure
(after Kovner)
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Fig. 24

Diagram explaining the calculation of the temperature fileld
at the base of a structure wlith a steady state thermal regime
(after G.V. Porkhaev)



