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Foreword by Editor of English Translation 

The writer's attention was f i rs t attracted to construction problems in permafrost 
areas early in 1946 when he was brought a Russian typescript of an article on the sub
ject which had been turned down by an American highway periodical because of lack of 
translators. "Unless you translate this," I was told, " i t wi l l have to be sent back to 
Moscow." 

I talked about this to the late U. S. Commissioner of Public Roads, Mr. Thomas 
McDonald, at the Princeton Bicentennial celebrations. He told me of the great d i f f i 
culties encountered during the World War n construction of the Alaska-Canada High
way, largely because of lack of understanding of the civil engineering implications of 
permafrost in this country. He therefore not only urged me to translate the Soviet 
paper immediately, but endorsed my publication proposal to Mr. Waldo G. Bowman, 
Editor of "Engineering News-Record." This produced immediate results.* 

Much original and new work in this field has been done in recent years by Ameri
can engineers. However, by necessity it was at f i rs t largely based on earlier Soviet 
work and experience. Neither have the Soviets stood stil l since then. An outline of 
the present status of this field in the USSR should therefore be of considerable gene
ral interest and no one is better qualified to give such an outline than the author of the 
present book, Dr. N. A. Tsytovich. 

Professor Tsytovich has been active for many years in soil engineering—I have in 
my library a copy of his 306-page 1934 book, "Osnovy Mekhaniki Gruntov" ("Funda
mentals of Soil Mechanics"). 

Dr. Tsytovich spent several years in the Siberian Arctic, where he foimded the 
Yakutian Branch of the Academy of Sciences, USSR. Some of his numerous (14) earl
ier publications on frozen soils are given under Nos. 65 to 78, inclusive, of the refe
rence list at the end of the present book. The first dates back to 1928. 

Professor Tsytovich is the present Chairman of the USSR National Association on 
Soil Mechanics and Foundation Engineering, a branch of the International Society of 
Soil Mechanics and Foundation Engineering. He is an active member of the Academy 
of Construction and Architecture, USSR, and a corresponding member of the Academy 
of Sciences, USSR. 1 consider it a privilege to present the English translation of his 
latest book to the attention of American civil engineers. 

Acknowledgments are due to my wife, Florence Bil l Tschebortarioff, who edited 
the style of the English translation; also to Mr. George W. McAlpin and Professor 
A.R. Jumikis and F. Sanger for their review of the edited translation and for their 
helpful suggestions. 

Gregory P. Tschebotarioff 
Princeton, New Jersey 
September 1959 

Note: The term "base" vhlch appears in the t i t l e of the book i s used i n Russian i n the 
sense of the mass of s o i l which supports the foundation of any type of structure. 
•Tchekotillo, A., "Solving the Problem of 'Nalyeds' i n Pemafrost Regions." ESag. News-

Reo. (Nov. 28, IShS). 
Note: The author's name i s spelled Caiekotillo In the present translation. 
The term "nalyeds" i s now generally translated as "icing." 



i V o f e by Responsible Editor 
'of Russian Original 

This book is intended for engineering, 
technical and scientific workers dealing with 
the field of construction on frozen soils, as 
well as for senior civil engineering students 
at institutions of higher learning. In it are 
briefly outlined the fundamentals of founda
tion design for structures erected on frozen 
soils, and special problems of foundation 
construction procedures and of maintenance 
of structures on frozen soils, as well as 
technical measures against harmful in
fluences of changes which occur in soils 
durmg their freezing and thawing. 

Responsible Editor 
V.A. Vesselov 



Preface 

The publication of the present book has been undertaken 
to f i l l a gap in popular scientific-technical literature con
cerned with the erection of structures on frozen soils, 
which occur over wide areas of the USSR. 

The book is based on a short course of lectures given 
by the author at theV.V. Kuibisheff Civil Engmeering 
Institute of Moscow during recent terms (smce the 1951-
52 school year). 

The present book utilizes only books on frozen ground 
construction published prior to 1947 and separate articles 
on frozen ground studies printed m recent years. It there
fore does not give a complete treatment of the problems 
touched upon, so that m some special cases supplementary 
information should be obtained from departmental data. 

In this book the author has aimed at briefly but concise
ly elucidating for as large a circle of readers as possible 
the basic principles of foundation construction on frozen 
ground. These prmciples are developed from modern data 
on the physics and mechanics of frozen soils presented in 
detail by relevant publications, mainly by those of the V.A. 
Obruchev Permafrost Institute of the Academy of Sciences, 
USSR. 
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Bases and Foundations on Frozen Soil 

I N T R O D U C T I O N 

Frozen soils are extensively distributed m the USSR, inasmuch as the annual winter 
freezing of soil occurs in the greater part of its territory. Moreover, nearly 47% of 
its territory is characterized (46, 60, 75) by layers of frozen deposits tens and him-
dreds of meters thick and lying at a rather shallow depth below the ground surface — 
from some tens of centimeters in the far north up to several meters in the south
eastern area of the country. 

Highly specialized methods should be applied to the erection of structures on frozen 
soils, particularly to the construction of foundations; otherwise, excessive deforma
tions w i l l inevitably appear in the structures and wi l l in a few years lead to their f a i l 
ure. 

The development of vast new areas of the country, especially in Siberia and in the 
northeast, stimulated the advancement of the science of frozen soils, which are widely 
distributed in these areas. 

Actually, many of the gold deposits of the country are found in the region where 
large thicknesses of frozen soils occur. Enormous deposits of coal, iron ore, and 
other minerals are also associated with the region of frozen soils; for example, the 
deposits of cokmg coal in the east, Khingan iron ores, and Yakutian diamonds. Ores 
of non-ferrous metals are also abundant in this region. Thus, the question of the 
erection of structures on frozen soils is of enormous importance to the national econ
omy. The agricultural aspect of the development of this region is also of interest — 
rice, soybean, and wheat are cultivated m the south of the region; the greatest yield of 
barley was obtained in the Yakutian ASSR on soils under lam by frozen deposits. 

Construction practice on frozen soils developed special methods which are some
what similar to those applied to the erection of structures on loessial soils, which sub
side if wetted. Phenomena of subsidence are also observed in construction practice on 
frozen soils m the case of thawing of ground beneath the structures. If the temperature 
is kept below freezing, the frozen soils have sufficient strength. However, when a 
structure built on a frozen ice-saturated soU is heated, the underlying soil constantly 
absorbs heat, and as a result thaws and is transformed mto a semi-liquid mass. Then 
settlement occurs, leading to failure of the structure. 

Up to the 1930's almost al l structures built on frozen soils suffered large deforma
tions in the course of several years and became unusable. For example, the admm-
istration of the Trans-Baikal Railroad, during 20 years before the Great October 
Revolution, spent nearly 50 million golden rubles to fight the "permafrost". Enormous 
difficulties were encountered in roadbed construction; the majority of small bridges, 
locomotive works, and buildings were being destroyed. 

Now, however, any structures, even high buildings, can be erected on frozen soils 
if a l l the modern theoretical solutions and practical achievements in design methods 
for construction on frozen soils are properly applied. We are now in a position to 
erect any structures on frozen soils with the same success as, for example, under 
the conditions existing at Moscow, and even with a greater degree of stability. Entire 
cities are bemg built on frozen soils and hardly any excessive deformation of struc
tures has developed. If one knows construction methods which take into consideration 
the properties of frozen soils, no danger w i l l be encountered in construction practice. 

When building on frozen soils the temperature factor should be considered. Any 
change of temperature affects to a certain degree the state of the ice which cements 



mineral particles of frozen soils; if the temperature rises above the freezing point, 
the ice may be completely transformed into water. The temperature factor creates 
specific difficulties in the erection of heated structures on frozen soils. 

The Russians were the first to produce information about frozen deposits, or 
"permafrost". Voyevodas,* P. Golovin and M. Glebov, of the Lena River region, 
reported in 1640-43 to Moscow: "Sire: According to information from merchants and 
hunters in our service, no agriculture is possible in Yakutia; even in summer the 
ground does not thaw entirely." (60, p. 38). The statement that the ground does not 
thaw even in summer was fully confirmed, but the one that "no agricultiire is possible" 
was not. In the 18th century the explorers Laptev and Gmelin indicated that many rocks 
are permanently frozen. This was also recorded in M.V. Lomonosov's works. 

In the 19th century more extensive data on frozen deposits were collected. A con
tribution to the development of these studies was made by the shaft dug by F . Shergin, 
an employee of the Russian-American Company in the city of Yakutsk. This city was 
built on a large bow of the Lena River, but later this bow receded somewhat from the 
city. In spite of the fact that near the city the Lena River has a width of 12 km (7.45 
mi), there was no drinkmg water supply in Yakutsk. Formerly residents of Yakutsk 
used river ice, which they stored in winter then melted to obtain drinking water. In 
1828 F . Shergin started to dig a well for water supply. In 1837 he reached a depth of 
116.4 m (381.9 ft), but did not encounter water. In the 1930's V.K. Yanovsky, a sen
ior research associate of the USSR Academy of Sciences, was commissioned by the 
Academy to drill a hole in the bottom of the Shergin shaft. The drilled hole had a depth 
of 50 m (164 ft), but was still in frozen deposits. Later on, water supply borings 
established that frozen ground near Yakutsk has a thickness of about 200 to 250 m 
(656-820 ft). The Shergm well or shaft was used m investigations of frozen deposits. 
Academician Middendorf, during his stay iii Yakutsk in 1844-46, was the first to meas
ure the temperature of frozen deposits in the Shergin and other shafts; he confirmed 
the presence in Yakutsk of a great thickness of "permanently frozen" deposits. 

Subsequent to Middendorf's work, significant investigations of frozen soils were 
performed in the beginning of the 20th century when the Amur and Trans-Baikal rail
roads were constructed. N.S. Bogdanov's book (7) is worth mentioning as the first to 
deal with conditions of construction on frozen soils. However, this book is predomi
nantly of a descriptive character and contains no material on foundation design. 

In the Soviet period the planned and comprehensive study of frozen soils began. 
M.I. Sumgin's book opened a new era in studies of frozen soils. The first edition of 
this book appeared in 1927 in Vladivostok; the second (60) was published by the USSR 
Academy of Sciences m Moscow. The first book on design of foundations on frozen 
soils was published in 1928 by the State Institute for Design of Metallurgical Plants 
(Gipromez) (65). 

In 1930, in connection with requirements of construction practice, on the initiative 
of Academicians V . I . Vernadsky and M.I. Sumgin, the Commission for the Study of 
Permafrost was organized at the Academy of Sciences, USSR. Academician V. A. 
Obruchev was President of the Commission; M.I. Sumgin, A. V. Liverovsky, N.A. 
Tsytovich and N.I. Prokhorov were members, makmg a total of five persons. Li 1936 
the Commission was reorganized into the Committee for Permafrost of the Academy 
of Sciences, USSR. In 1939, on the basis of this Committee, the V. A- Obruchev 
Permafrost Institute of the Academy of Sciences, USSR, was organized. 

The science of frozen deposits — that is, the science in general (60, 46, 63), as 
well as specifically applied to engineering (7, 59, 65, 68) — came into being m con
nection with the necessity of building large industrial structures. In 1927 a metallur
gical plant m Trans-Baikalia had to be designed, necessitating the development of a 
theory which would permit erection of heated structures (including structures which 
generate a considerable amount of hdat) on frozen soils. 

Later investigations of frozen soils were concentrated in the Permafrost Listitute 

* Translator'8 note: Military Governors. 



of the Academy of Sciences, USSR, in construction organizations (Oalstroi, Norilkom-
binat, Vorkutstroi, and others), and in the Scientific Research Institute of Bases 
and Foundations. 

Among the foreign scientists engaged in the investigation of frozen soils, the follow
ing should be named: the geologist Leffingwell described frozen deposits in the area 
of Alaska and Canada. He advanced the theory of the formation of ice wedges. S. 
Taber, also a geologist, worked in America, mostly on the subject of the migration of 
moisture m soils subjected to freezing, and between 1916 and 1929 published several 
works dealing with this question. Only a few works appeared abroad devoted to con
struction practice on frozen soils (14). For example, in the construction of the Alaska-
Canada highway, the Americans melted ground-ice with flame throwers as a method 
of overcommg "nalyeds". * Another method was used at a tributary of the Yukon River, 
where eight boilers were installed for continuous heating of water. Such methods can
not be recommended, because much simpler ones may be successfully applied. For 
example, in the USSR a method which makes use of the properties of the frozen soils 
themselves to overcome "nalyeds" was developed and introduced into practice. Soviet 
scientists and engineers have many achievements in the fields of physics and mechanics 
of frozen soils, as well as in the theory of construction thereon; however, not enough 
has been done in the fields of experimental construction and of wide introduction of 
new construction techniques. 

Nalyed—See footnote on page 5' 



Chapter 1 

G E N E R A L INFORMATION ON FROZEN SOILS 

1. FUNDAMENTAL CONCEPTS AND DEFINITIONS 
First of all we should establish what is understood by frozen soil, topsoil, and rock 

deposits. Formerly, the category frozen topsoils, soils, and rocks included all depos
its which had a temperature at or below freezing, irrespective of the presence or ab
sence of ice (60). Many permafrostologists accepted this defmition. However, from 
the standpoint of physics a mere temperature indication is quite insufficient to define 
the frozen state of deposits; it is necessary to consider the phase changes of water 
from liquid to solid — that is, the formation of ice. Even under a subfreezing tempera
ture, a mechanical mixture of rock particles (e. g., dry sand) or of other materialwith 
grains, fragments and other ice inclusions, does not imply the frozen state of a rock 
or deposit, because the hard particles are not cemented ice. 

On the basis of the foregoing considerations, which have been discussed in previous 
publications (75, 68, 74), we come to the following definition: the terms "frozen soil, 
topsoil and rock deposits" are applied to those topsoils, soils and rocks in which a 
temperature of freezing or below freezing exists and m which at least a part of the 
water contained in the soil is frozen and cements the hard particles. 

If topsoils, soils and rocks have only a subfreezing temperature (e.g., dry sands, 
massive rocks, etc.), the term "frosty" is applied to them. 

The definition of the frozen state of soils and other deposits includes the concept 
that the freezing of even a part of the water contained in a soil is sufficient to classify 
this soil as bemg in the frozen state. That not all of the water m a soil must be frozen 
in order to permit the application to it of the term "frozen state" is explained by the 
fact that in dispersed soils, at freezing and with further decrease of temperature, not 
all the water changes into ice; a part of the water (71, 72), even if only an insignificant 
amount, always remains unfrozen. This condition is of such great significance in the 
physics and mechanics of frozen soils that it will be examined separately and in more 
detail later. 

It should be noted that from now on we will consider only frozen soils (i. e., loose 
deposits not subject to processes of "soil" formation as imderstood by agricultural 
soil science). These soils can be cohesionless of cohesive, but only to the degree that 
their bond strength is many times smaller than the strength of the particles themselves. 
Sometimes we will use the generalized term "frozen deposits" without subdividmg 
them into topsoil, soil, and massive rock deposits. 

The followmg classification of frozen deposits is based on the duration of their 
existence in a frozen state. Depending on the duration of the frozen state of topsoils 
and soils, two prmcipal classes of frozen deposits can be distinguished — seasonally 
frozen deposits and permanently frozen deposits (from several years up to several 
thousand years), or, as proposed by I. Y. Baranov, perennially frozen deposits. The 
use of the latter term is now becoming customary. 

The first type of frozen deposits embraces a layer of seasonal freezing and summer 
thawing, the so-called "active layer". The last term is widely used by builders be
cause it expresses a soil characteristic which is important for construction: in the 
layer of seasonal freezing many physico-mechanical and physico-chemical processes 



originate and develop (weathering, frost-heaving, and the formation of "nalyeds" *) 
which damage foundations of structures and require special methods to fight them 
(sufficiently deep foimdations, ground-water drainage, runoff control, and others). 

The thickness of the layer of seasonal freezing and thawmg is of utmost importance 
in determining the depth of foundations and in calculating their stability. 

It should be mentioned that if the seasonal freezing of topsoils and soils lasts less 
than 24 hours, it is referred to as "transient" freezmg. 

The second class of frozen deposits embraces deposits which are in the frozen state 
for a very long time (I.e., for many years, sometimes for centuries and even for 
thousands of years). As a rule, the thickness of these deposits is greater than the 
thickness of the layer of seasonal freezmg. Permanently frozen deposits form the 
"permafrost". 

The mass of frozen deposits is referred to as "perennial" if its frozen state con
tinues for many years, or as "permanent" if the frozen state lasts for centuries. The 
word "permanent" m this case should not imply the concept "imchangeable" (i.e., con
tinuing for an infinitely long time), but should imply only the meaning "existing for 
centuries." The concept "perennially frozen" state of deposits may Include, as is 
accepted by many authors, also the concept "permanently frozen" state. Perennially 
frozen and permanently frozen deposits occur in specific geologic-geographical regions, 
located mostly in the north, northeast and east of the USSR. They are referred to as 
regions or zones of perennially frozen deposits, or areas with masses of frozen 
deposits. 

The largest masses of frozen deposits appeared and were formed in the glacial and 
post-glacial periods; their age is measured in the range of 10,000 years and more. It 
could be assumed that in some areas a still longer time has passed since the appearance 
of masses of frozen deposits. 

The perennially frozen state of deposits (topsoils, soils and jointed bedrocks) is 
supported by the present climate in the respective areas. However, a change of the 
thermal balance in the direction of increased heat inflow (for example, the erection of 
heated structures without taking special measures for the diversion of heat) may sharply 
disturb the frozen state of these deposits. 

2. AREA OF OCCURRENCE AND THICKNESS 
The seasonal freezmg of topsoils and soils occurs all over the territory of the USSR. 

The depth of seasonal freezmg changes according to zones both latitudinally and longi-
tudmally. The thickness of the seasonally frozen layer of topsoils and soils m the 
northern hemisphere decreases generally from north to south, although the lines of 
equal depths of freezmg (Fig. 1) have a general northwest-to-southeast direction. 

Thmgs look different m areas of occurrence of masses of frozen deposits. The 
thickness of the layer of annual thawmg m these areas mcreases in the southern direc
tion. The foregomg is confirmed by Table 1-. 

The distribution of perennially frozen deposits is shown on the map (Fig. 2) com
piled m 1956 at the V.A. Obruchev Permafrost Bistitute of the Academy of Sciences, 
USSR (by I. Y. Baranov). 

According to 1940 calculations by M.I. Sumgm, the area of distribution of perma
nently frozen (perennially frozen) deposits in the USSR covers more than 10.5 million 
sq km (4.05 million sq mi); i.e., about 47% of the territory of the USSR. 

Accordmg to data of foreign literature on the subject (6) the area occupied by perma
nently frozen deposits in Eurasia is 11.08 million sq km T4.26 million sq mi). In 
North America it is of about the same magnitude, 11.01 million sq km (4.42 million 

* "Nalyed" i s the Russian term for Ice which i s formed on the surface early in winter 
by water breaking through the upper frozen part of the active layer. This breakout oc
curs when water flowing under a head through a pervious lower part of the active layer, 
— i . e . , along the surface of the permanently frozen soil—encounters a dam-like obstruc
tion at some location where the active layer happened to entirely freeze quicker than 
elsewhere. The American term I s "icing".—Ed. 
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TABLE 1 
THICKNESS OF THE LAYER OF ANNUAL THAWING OF TOPSOILS AND SOILS 

Far North 
Southern Areas 

of Frozen Masses 
Soil (m) (ft) (m) (ft) 

Sandy 
Clayey and 

peaty-swampy 

1.0-1.6 

0.2-0.7 

3.3-5.2 

0.66-2.29 

2.5-4.5 

1.0-2.5 

8.2- 14.7 

3.3- 8.2 

sq mi); m the Antarctic, 12.98 sq km (5 million sq mi). Thus, according to 1954 data 
the total area of the earth's surface covered by permanently frozen deposits is 35. 7 
million sq km (13. 55 million sq mi); i.e., about 24% of the land surface of the entire 
globe. In addition, 2% of all the dry land of the globe is occupied by frozen deposits 
m mountamous areas. Thus, a total of 26% of the dry surface of the globe (i.e., more 
than y4 thereof) is in a perennially frozen state. Hence, the significance of studies of 
frozen deposits, as well as of studies of construction conditions on these deposits, is 
clear. 

The thickness of frozen deposits is considerable, and increases m the north and 
northeast direction. In the USSR the thickness of frozen deposits is recorded as from 
several meters to 500 meters (1, 640 ft) and more; in Alaska (Yukon), 120 m (394 ft); 
on Spitzbergen, 240 m(787 ft). 

3. SOME PECULIARITIES 
Under natural conditions all soils (excluding only well-drained dry sands and 

gravels) contain a certain amount of water which, with a decrease of temperature be
low 0°C (32 " F ) , partly freezes and cements the mineral particles of the soils. There
fore, the sign of the soil temperature (negative, below 0 C; positive, above 0°C) 
mdicates m practice whether a moist soil is m the frozen or m the non-frozen state. 

Figure 3 presents a schematic temperature profile of soils in the area of occurrence 
of permanently frozen (or perennially frozen) deposits. Accordmg to Fig. 3, the soil 
temperature down to the depth of seasonal thawmg is not constant but, depending on 
the season, changes from positive to negative values. Below the upper boundary of 
the frozen soil (this boundary corresponds to the depth of summer thawing) the tem
perature always remams below O^C (32 " F ) ; although it changes with depth (down to 
approximately 15 to 20 m (49-66 ft), it never rises above the freezmg pomt. Fmally, 
begmnmg with a certain depth, a gradual mcrease m the temperature of frozen soils 
up to O^C (32 " F ) I S recorded, then the temperature curve passes into the area of 
positive temperatures. The distance from the upper to the lower boundary of frozen 
soils determines their thickness. 

Depending on the conditions of the freezing of water m soils (the mtensity of coolmg, 
the direction of the heat flow, the presence or absence of ground water, and others), 
various cryogenous (frosty) structures of frozen soils are formed, which structures 
are quite different from those of non-frozen soils. 

In addition, the freezmg of water m the voids leads to the appearance of considerable 
cohesive forces of cementation between the soil particles. The result of this cementa
tion IS the great resistance of frozen soils to external forces. The freezing also causes 
an mcrease m the thermal mdex (i.e., m the coefficient of heat conductivity) and in 
electrical properties (resistance), as well as a decrease m the permeability of frozen 
soils (m the case of freezmg of water-saturated soils). 

Let us outlme, m the most general terms, the question of the ratmg of frozen soils 
m regard to their engineermg properties, mamly those important m foundation work. 

The ratmg of soils for construction purposes should consider their properties, as 
follows: 
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1. The stability of the thermal regime of the frozen soil mass. 
2. The cementation of frozen soils by ice. 
3. The subsidence of soils durmg thawing. 
The thermal regime of a frozen soil mass is defmed as stable if, after being 

disturbed by some cause due to the external environment, it gradually recovers 
under the influence of natural conditions; for example, if the temperature of a 
frozen layer has been raised to the thawing pomt to a certam depth as a result 
of local heatmg (e.g., as the resul^ of a local fire or a heated structure) and 

then after the disappearance of the disturbing 
factor the temperature, under the influence 
of the natural conditions of the locality, re
gains its previous value. 

The thermal regime is described as unstable 
if, after the local disturbance, the temperature 
of the mass of frozen soils does not regam its 
previous value under the influence of natural 
(mostly climatic) conditions. 

If the mass of frozen soils m a certain area 
is characterized by a stable thermal regime, 
the prmciple of mamtammg the frozen state of 
subsoils should generally be applied in construc
tion practice. If an unstable thermal regime is 
found m subsoils, then other prmciples of con
struction should be applied; i.e., methods which 
take mto account the gradual thawmg out of the 
soil after construction or the method of artifi
cial thawmg of soils before foundation work 
starts. 

Cementation by ice and granular compositon 
of frozen soils are of great importance m the 
evaluation of soils. Frozen soils occur in solid 
and plastic states. In frozen soils m the solid 
state the rigid particles are well cemented by 
ice. In frozen dispersed soils m the plastic 
state the freezmg together of particles takes ~ 
place, but is not complete, because these soils 
contam a large amount of unfrozen film water. 
In such soils the water-adsorptive bonds are 
more mobile than the cementation bonds of ice. 
A plastic state of frozen soils is observed in 
clayey soils contammg a considerable amount of 
unfrozen water and having a relatively high but 

Depth of 
f r o z e n -

— s o i l -

Figure 3. Schematic temperature 
profile of a mass of frozen s o i l s : 
h—depth of seasonal thawing; 
H—thickness of frozen massj 

T—temperature. 
negative temperature - from -0.1° to -0.3 °C 
(31.8''to31.4''F). 

Finally, the granular state of frozen soils can occur only in sandy and gravelly soils 
with a low water content, where cementation by ice is observed only m some soil par
ticles but the soil mass as a whole retains the character of a granular medium. 

The thawing of frozen soils may or may not cause subsidence of these soils. The 
term "subsidable" refers to frozen soils which durmg thawmg quickly develop local 
slumping. This subsidence results from radical changes in the structure of such 
frozen ice-saturated soils and is accompanied by the lateral squeezmg out of such soils. 
Jn permafrost regions most frozen soils are subsidable, only gravels and many coars 
sands being non-subsidable. 

The foregoing general considerations referrmg to properties of frozen soils are 
very important in the ratmg of these soils from the construction standpoint. 



Chapter 2 

PHYSICO-MECHANICAL PROCESSES IN FREEZING SOILS 

1. GENERAL 
It must be remembered that a partial or almost complete change of water into ice 

is the most significant phenomenon which occurs in freezing soils. It is accompanied 
by the appearance of new ice cementation bonds between the mineral particles of the 
soil and by many new physico-mechanical processes; it sharply changes the physical 
and mechanical properties of the soil. In addition, the progression of chemical re
actions and thermal phenomena in freezing and frozen soils exhibits specific peculiar
ities greatly affecting the properties of these soils. 

The migration of soil moisture is one of the most important physico-mechanical 
processes to appear in freezing soils; this phenomenon occurs during the process of 
freezing and, in dispersed soils, to a certain degree also in the frozen state. It leads 
to other important physico-mechanical processes; i.e., to the frost-heaving of soils 
and to the formation of a peculiar structure of frozen soils which m many respects 
governs their mechanical properties (68). 

Physical properties of soils (for example, their total moisture content, porosity, 
and unit weight) change markedly upon freezing. Also, the coefficient of heat conduc
tivity and the thermal diffusivity increase considerably. With freezing the mechanical 
properties of soils undergo especially great changes. As a rule, the resistance of 
soils to external forces considerably increases after freezing (often tens and hundreds 
of times). Especially large values, characterizing the resistance of frozen soils, are 
recorded under the condition of a high rate of increasing load or under suddenly ap
plied loads. Under loading of long duration the resistance of frozen soils decreases. 
These differences in resistance are explained by a peculiarity of ice cementation 
bonds, which are characterized by great instantaneous (i.e., of short duration) strength, 
but which are subject to plastic flow under stationary loads, even if such loads are 
very small. Corresponding experiements (see Chapter 4) demonstrated that the 
strength of frozen soils under the action of loading of long duration may decrease 5 to 
15 times, although the frozen soils might still have several times the strength of the 
non-frozen soils. 

As compared to non-frozen soils, the special features of physico-chemical pro
cesses taking place in freezing and frozen soils comprise a decreased intensity of 
some of these processes and also a low mobility of the products of reactions, which 
mostly remain in place or move only slightly in the process of migration of soil mois
ture, not going beyond the zone of freezing of the soil. This last circumstance has a 
significant influence on the further development of the reactions (44). 

2. TEMPERATURE CHARACTERISTICS OF THE SOIL FREEZING PROCESS 
Let us consider how the phenomenon of freezing and thawing of soils takes place; 

i .e. , consider the freezing of water in the soil and the melting of ice, with a corres-
pondmg decrease or increase of temperature. Experiments demonstrate that temper
ature curves of freezing and thawing soils have the same general shape, but greatly 
differ in details (Fig. 4). 

11 
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Flgure k. Curves of freezing and thawing of (a) sand, (b) clayey s o i l . Legend: 1—sec
tion of cooling and undercooling; 2—Jump In temperature; 3 —section of c r y s t a l l i z a 
tion of water; U—section of further cooling of frozen s o i l ; 5—section of thawing. 

Curves of temperature changes in soils in the process of freezing and thawing could 
be divided into several sections (9): 1) the section of cooling and undercooling; 2) a 
jump in the temperature; 3) the section of freezing (crystallization) of water; 4) the 
section of further cooling of frozen soil; 5) the section of thawing in the case of an in
crease in temperature.* 

Experiments performed under laboratory conditions demonstrate that the first sec
tion of the soil freezing curve has the same shape for all soils (sandy, clayey, etc.)* 
The level of undercooling (Tg) depends on the conditions of undercooling, which occurs 
mostly under conditions of freezing of small soil volumes. In the case of freezing of 
soils in nature, the undercooling of water occurs only in the top layer of soil; it does 
not take place in lower layers, because these layers freeze when ice is present in the 
adjacent upper layer. The appearance of centers of ice crystallization suffices to pre-

* I t w i l l be demonstrated later (Chapter 3, a r t . h) that a p a r t i a l thawing of dispersed 
( i . e . , fine-grained) frozen s o i l s takes place with any r i s e of the negative teaperature; 
complete thawing occurs with transition of the temperature to values above Ô 'C (32"'F). 
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vent the undercooling of water, because ice needles penetrate rather deeply into the 
underlying layer of unfrozen soil. Therefore, the temperature of undercooling of soils 
does not represent a soil constant. 

As soon as the crystallization of water in a soU begins, the temperature of the soil 
at a given place rises sharply until it reaches a certain temperature of freezing, Tf, 
which is constant for a given soil. The jump in the temperature (see Fig. 4) is due to 
the liberation of heat by the formation of ice. 

The process of crystallization of water in the soil voids continues for a certain time 
at a constant temperature (especially in sandy soils), or the temperature slowly and 
gradually decreases (in clayey soils). 

The highest and the most stable temperature recorded in a soil after a jump in the 
temperature is considered to be the temperature of the beginning of freezing of the 
soil, or the temperature of freezingof water in the voids of the soU. This temperature, Tf, 
is affected by the c rystallizatlon of water in the voids of a soil volume cooled below Ô C (9). 

Experiments demonstrate that coarse-grained soils (sands) (see Fig. 4 a) are char
acterized by a temperature at the beginning of freezing which in practice is very close to 
0°C. In the process of the freezing of these soils almost all of the water contained in 
them changes into ice. In clayey soils, as a rule, the temperature of the beginning of 
freezing is somewhat below O^C. However, certain statements to the effect that all 
soils freeze at -l^C (30.2''F) and below, are not correct. Experiments show that the 
temperature of the beginning of the freezing of water in the voids (the beginning of the 
freezing of soils) varies in different soils. Thus, in moist sandy and silty soils, and 
also in clayey soils (clayey sands, clayey silts with some sand, and clays) in the liquid 
state, the temperature of the freezing of water in the voids is close to 0°C; in clayey 
soils in the plastic state this temperature lies within the range -0.2°C to -0.4°C, and 
only in hard clayey soils does it lie in the range from -0.6°C to -1.2°C. This should 
be taken into consideration in computations for engineering purposes. 

It should be mentioned that the further cooling of soils, as well as the thawing of 
soils, does not cause any jumps in the temperature. 

3. MIGRATION OF SOIL MOISTURE AND THE STRUCTURAL FORMATION 
OF FROZEN SOILS 

Experiments have shown that during the freezing of soils and also during the further 
cooling of frozen soils, especially In zones of intensive phase changes of water in the 
frozen soils (76), at temperatures from 0°C to -S^C there occurs continuously the re
distribution oFmolsture and the movement of water toward the line of cooling and freez
ing. The process of migration reaches its greatest intensity during the freezing of 
soils. The migration of moisture in freezing soils and the subsequent freezing of water 
drawn up to the frost line significantly change the physical and mechanical phenomena 
occurring in these soils, as foUows: 

1. They induce changes in the heat flow toward the frost line by the direct addition 
of new amounts of heat coming with the water drawn to the frost line and, principally, 
by additional expenditures of heat for the freezing of newly arrived volumes of water. 

2. They are responsible for basic changes in the volume of soils during their freez
ing. 

3. They form the frosty (cryogenous) structure of frozen soils. 
The process of the migration of moisture in freezing soils is a complicated physical 

phenomenon which occurs (in the general case) under the action of molecular forces. 
According to investigations carried out in the laboratory of the Permafrost Institute 

of the Academy of Sciences USSR (10), the film-crystallization mechanism should be 
considered as substantlaUy governing the migration of moisture in water-saturated dis
persed soils. This mechanism is as foUows: 

Investigations by A. F . Lebedev, G . J . Bouyoucos, S. Taber, and G. Beskow show
ed that adsorbed water flows under the Influence of molecular forces from thicker 
films (at the outer surface of these films the forces of molecular attraction are smaller) 
to thinner films. A decrease in the thickness of water films in unfrozen soUs results 
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from the evaporation of water, and in freezing soils from the process of the formation 
of ice crystals which, by the forces of adsorption, draw water molecules from water 
films surrounding mineral particles of soils. The growth of formed ice crystals fa
cilitates the water migration to the frost line, but it is not the initial cause of this 
phenomenon (this was assumed by Taber), inasmuch as the migration of water could 
also take place in the absence of the forces of crystallization; for example, when 
soils are drying the moisture migrates to the line of removal of water. However, dur
ing the freezing of soils, especially of clay soils, the water is not removed, but on 
the contrary is accumulated in the form of laminae, lenses, and other ice inclusions; 
this fact significantly distinguishes freezing soils from those e:q)osed to drying. 

Observations in nature and special laboratory tests have established that thick lay
ers and lenses of ice are formed in freezing soils if the frost line stays for a long 
time at a certain level (for example, during the thaw), or if the depth of freezing fluc
tuates in a certain portion of the soil and there is an additional outside supply of water. 

However, if the freezing proceeds intensively under large temperature gradients, 
(i. e., during hard frosts) there is not time enough for water contained in dispersed 
soils to draw up to the frost line. Thus, under a very low temperature of freezing, 
layers and lenses of ice are not formed, but merely separate ice crystals, which firm
ly cement the mineral particles, n the ice inclusions formed in the soil voids are not 
larger than the void spaces and no marked spreading of particles of the mineral skele
ton is observed, the term "ice-cement" (47) is applied to the ice constituting these 

Figure 5. Basic types of structure of frozen s o i l s : 
honeycombed. 

(a) massive, (b) layered, (c) 

minute inclusions, to distinguish it from the ice composing other considerably larger 
inclusions. To the latter ice, the term "ice of inclusions" or "segregated ice" (54) 
is applied. 

A peculiar cryogenous (frosty) structure of frozen soils which significantly governs 
many of their properties is formed in the process of freezing of soils and depends on 
many factors; for example, on the intensity of freezing, on boundary conditions, on 
whether the freezing of a soil proceeds from one side or from all sides, or on whether 
an additional supply of water exists. 

At least three types of frozen soil structure may be distinguished: massive, layer
ed, and honeycombed or reticulate (Fig. 5). 

A massive frozen soil structure is created during an intensive freezing of soil when 
only ice-cement forms. Soils with a massive structure are characterized in the frozen 
state by considerable strength; after thawing they retain their strength properties and 
even manifest higher values of strength characteristics than they had before freezing. 
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A layered structure forms during the freezing of dispersed soils* (clayey sands, 
clayey silts with some sand, and clays, often with considerable admixture of sUt), 
mainly when the freezing proceeds from one side only and when additional water is 
supplied. This structure also develops in very moist soils where ice layers form as 
a result of moisture re-distribution. The strength properties of frozen soils with 
layered structure depend in many respects on the properties of the ice inclusions, on 
their size, and on the manner in which they alternate with layers of mineral particles. 
All these factors influence the plastic flow of frozen soils under a steady load. How
ever, even if plastic flow is taken into account, frozen soils with a layered structure 
exhibit strengths several times greater than those of unfrozen soils of the same type. 
After thawing, the bearing capacity of frozen soils having a layered structure falls 
sharply and the strength properties of these soils deteriorate considerably as compar
ed with the strength properties of the same soils which were not subjected to freezing; 
for example, the shearing resistance may decrease five times (38). 

A honeycombed, or, according to P. A. Shumsky's terminology (56), reticulate struc
ture of frozen soils is formed under the condition of a systematic inHow of additional 
water and predominantly under the condition of freezing of the soil from more than one 
side. Properties of frozen soUs having a honeycombed structure are close to those of 
soils with a layered structure, but their resistance to external forces may be differ
ent. After thawing, their strength properties do not deteriorate as much in compari
son with soils which did not undergo freezing, as they do in frozen soils having a lay
ered structure. 

The formation of inclusions, layers and lenses of ice in freezing soils is the main 
reason for unequal volume e:q>ansion of soils in the process of freezing. 

4. FROST HEAVING OF SOILS 
The term "frost heaving" is applied to the phenomenon of soil volume increase dur

ing freezing. Due to the non-homogeneous composition of soils, the uneven distribu
tion of moisture, and the varying conditions of ground-water supply, frost heaving un
der natural conditions is always uneven. 

Frost heavily of soils results from the e^iansion of water contained in soils during 
freezing (approximately by 9%), as weU as from the freezing of additional amounts of 
water drawn up from adjacent unfrozen portions of soil, la the process of frost mi
gration, especially if no additional water is supplied, a considerable re-distribution 
of moisture occurs. Under this condition the layers of mineral particles undergo an 
internal compression and become somewhat dehydrated as a result of the removal of 
water, which forms ice layers. 

Experiments in this field have demonstrated that where there is no additional sup
ply of water (a closed system) the total value cf frost heaving Of soils is considerably 
smaller in comparison with the increase of soil volume when freezing takes place with 
an additional supply of water (an open system). The latter system develops when a 
source of water supply is situated at an accessible depth; for example, when the free 
water level lies at a shallow depth, or when the water flows in due to a partial drain
ing of water-saturated underlying layers. This is shown by Figure 6, wiiich depicts 
the results of some of the eqieriments on frost heaving. A water-saturated sand and 
a clay were Investigated under conditions where no additional water was supplied; a 
silty soil was investigated under conditions with water inflow from the outside (68). 
The experiments show that sand produces negligible frost heaving and at -0. S^dTts 
volume increase ceases. The frost heaving of clay occurs not only durii^ the initial 
period of freezing, but also at a considerably lower temperature. The curve of the 
frost heaving of a silty soil shows that under conditions which provided an additional 
water supply the frost heaving might reach a sizeable percentage. 

-NRussian terms applied to dispersed ( i . e . , fine-grained) s o i l s are translated throughout 
this book as follows: pesok—sand; glinistyy pesok—clayey sand; supes—silty sand 
with some clay; pylevataya svpes—silty sand; suglinok—clayey s i l t with some sand; 
pylevatyy suglinok—clayey s i l t ; pylevatyy g r r a i t - s i l t y s o i l ; g l i n a — c l a y ; pylevataya 
g l i n a — s i l t y c lay.—Editor 
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Figure 6. Curves of frost heaving of (a) 
sand, (b) clay, (c) clayey s i l t with some 
sand and water inflow from the outside. 

More detailed experimental data 
on frost heaving of soils under open 
system conditions are presented in 
Table 2. The following conclusions 
can be dr?,Tvn from these data: 

Underc/'the condition of additional 
water supply, the greatest frost 
heaving is observed in silty soils, 
which are the most dangerous in this 
respect. 

The data presented, as well as 
data published elsewhere (68), have 
shown that the more slowly the freez
ing of soils occurs, the greater is 
the frost heaving, because new sup
plies of water are continuaUy drawn 
to the frost line and overcome fric-
tional resistance in their movement. 

Numerous tests have established 
the fact of uneven moisture distribu

tion in freezing soils both in the open and closed systems; this is seen from the data 
presented in Table 2. The highest value of the total moisture and ice content is ob
served near the frost line. 

The data presented in Figure 6 also show that under the condition of water inflow 
from the outside and upon slow freezing, the increase in the soil volume (i. e., frost 
heaving) may attain a value from several percent up to several tens of percent and 
more. 

Data which are very important from a practical point of view were obtained from 
the investigation of frost heaving in water-saturated sands (77). The results of our 
specially designed tests, as well as the data presented in TaBle 2, have shown that 
the volume increase of sands during freezing, even when additional water is drawn in, 
seldom attains values larger than a few tenths of one percent. The change in volume 
during freezing of an amount of water corresponding to the volume of voids in sands 
may attain 3%. Therefore, the question arises concerning the establishment of mi
gration channels for the excess volume of water during the freezing of water-saturated 
sands. 

The question of volume changes of sands during freezing, when the soil acts as an 
open system and water drains freely, is of great practical importance. In some cases 
it is possible to carry out artificial freezing of sands without disturbing their structure. 
Thus it is possible, for example, to use artificial freezing of sands for the purpose of 

T A B L E 2 

H E A V I N G O F F R E E Z I N G S O I L S W I T H O U T S I D E W A T E R I N F L O W 

Total Moisture 
and Ice Content 

of Soils (%) 

Temp. 
Depth of 
Freezing 

Top 
of 

Middle 
of 

Bottom 
of 

(%of 
Depth 

Sou T F ) (cm) (in.) Sample Sample Sample Avg. of Freezing) 
Lyuberetzky 

quartz sand -2 +28.4 12.5 5.0 16.7 15.9 18.9 17.2 0.3 
SUty sou 

(82% of 
particles 
0.5-0.005mm) -2 -f28.4 10.0 4.0 32.6 25.1 26.4 28.0 11.2 

Moscow clay 2 
-20 

+28.4 
-4 

13.1 
13.1 

5.2 
5.2 

45.4 
58.4 

36.6 
37.1 

33.7 
31.8 

38.6 
42.4 

6.4 
3.4 
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taking undisturbed samples below the ground water level, which it is almost impossi
ble to do by other methods. 

It should be pointed out that this chapter considers a phenomenon other than the so-
called heaving of sands under hydrostatic pressure; in the latter case the volume of 
the sand increases not only as a result of water expansion at freezing, but also as a 
result of filling of the "pores of freezing" under hydrostatic pressure (i. e., of cavi
ties, fissures, etc., which were formed during freezing and in which the water froze 
later). 

Investigations have shown that the freezing of clean sands under conditions of lat
eral confinement of their mineral skeleton, and when there is the possibility of free 
squeezing out of water in one or several directions, occurs without any changes in the 
pore volume. On the contrary, the freezing of water-saturated sands with expansion 
limited to one direction causes a change in their porosity of 1% to 2%; freezing from 
all sides under conditions of limited lateral e^ansion causes a change in porosity up 
to 4%. 

Thus the laboratory experiments, carried out for the purpose of investigating the 
process of volume changes in water-saturated sands during freezing, have shown that 
under conditions of free escape of water no changes occur in the volume of sands dur
ing freezing because the volume of excess water which results from water e^ansion 
at freezing is squeezed out laterally. 

Field observations and laboratory experiments lead to the conclusion that silty clay
ey sands and clayey silts are the most dangerous types of frost-heaving soils; their 
freezing, especially under conditions of permanent inflow of additional water, is al
ways accompanied by considerable frost heaving. Plastic and liquid clays are also 
susceptible to a considerable heaving of long duration which may continue also under 
temperatures considerably lower than the freezing point, because water in these clays 
freezes as if according to a definite schedule; at first the lyosorbed (loosely bound) 
water freezes, then the water loosely bound to surfaces of mineral particles, then the 
water bound more firmly, and so on. 

Sandy soils, especially coarse-grained ones, are not subject to frost heaving during 
freezing, except in cases of hydrostatic pressure of ground water; under conditions 
where there is a free escape of water—for example, in places where drains are instal
led—sands practically are not subject to volume changes during freezing. 

The data presented above are of great practical significance for the erection of 
structures on soil susceptible to frost heaving, and for the development of measures 
aimed at decreasing or preventing frost heaving. Such measures can be: creation of 
conditions of uniformity of freezing, draining of soil, decreasing the depth of frost 
penetration by installation of layers of thermal Insulators and, finally, replacement 
of the soil to the depth of frost penetration by soil less susceptible to frost heaving, 
etc.* 

5. FORMATION OF FISSURES AND SOME OTHER MECHANICAL PROCESSES 
In addition to the phenomena of soil freezing and soil moisture migration, which 

have already been considered, the processes of fissure formation in freezing and 
frozen soils are also of great practical significance; for example, for the understand-
i i^ of the nature of ice-wedges, which frequently occur in frozen soils of some areas. 
Fissures result from irregular volume changes in freezing and frozen soils which are 
mainly due to two causes: (a) different coefficients of thermal expansion in certain 
layers of frozen soils, resulting in uneven shrinkage of individual layers; and (b) 
formation of local frost-mounds due to irregular migration of moisture. 

Let us consider the formation of fissures in frozen soils caused by differences of 
temperature; i . e., non-uniform cooling. 

In a frozen soil sulqect to cooling from the earth's surface, different values of neg
ative (below freezing) temperature are observed in individual layers, the temperature 

^Measures to counteract the frost heaving of s o i l s and the heaving of foundations are 
described i n det a i l i n Chapter 9, a r t . 3 . 
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decreasing with the depth. This non-uniform change of temperature results in uneven 
compression of individual layers of frozen soils and in the appearance of stresses which 
attain their maximum values near the surface of the s o i l . Under sufficiently intense 
cooling, the stresses may exceed the ultimate strengths of the soils and cause the ap
pearance of a f issure extending to a certain depth in a freezing or frozen soU. The 
t e rm "f ros t cracks" is applied to such f issures . 

According to B . N . Dostovalov (16) the value of a shearing stress, T J^, induced 
thereby near the surface of a frozen mass (Fig . 7a), under the assumption of propor
tionality of stress and temperature changes in the mass, is expressed by the following 
approximate equation: 

T x = y 2 n a G x ^ (a) 

where A T * 
~ h -

T h - T " 
"^1^ demotes the thermal gradient of the cooled mass of frozen soi l 

Figure 7. Diagram of the formation of fissures i n frozen soi ls : (a) design diagram, 
(b) changes i n the ten?)erature of fl-ozen s o i l with depth, as estimated for use i n de

sign work. 

(F ig . 7b); G = : E 2 ^ denotes the modulus of elasticity in shear; E denotes the mod
ulus of elasticity, \L denotes Poisson's rat io f o r frozen soU; a denotes the coefficient 
of linear (temperature) compression of frozen soi l ; and n is the coefficient of propor
tionality, which is close to unity. 

Setting T X equal to the temporary shearing resistance of frozen soi l , T t , assuming 
n = 1, and solving Eq. (a) f o r x, gives an e;q>ression f o r the approximate distance be
tween f ro s t cracks which may appear in a given frozen soil having a definite coefficient 
of thermal expansion: 

Comparisons show that distances computed according to Eq. (b) correspond to those 
observed in nature. 

Af te r the f i r s t crack appears in the mass of frozen soils and after fur ther decrease 
of i ts temperature, new perpendicular cracks develop and gradually a l l the frozen mass 
is broken into separate polygons; during this process, due to the appearance of consid
erable stresses induced by the bending of the upper layers of so i l , cracks appear also 
within the frozen mass, predominantly in a horizontal direction. 

During thaws in winter, as wel l as in spring, water seeps into the ver t ical cracks. 
After freezing i t fo rms "ice-wedges," which not only are preserved in areas of con
tinuous development of a thick mass of frozen soils, but, as observed by A. I . Popov 
(49), P. A . Shumsky (55), and others, annually grow in width. 
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The presence of thick ice-wedges in some areas of continuous occurrence of per
manently frozen soils leads to considerable difficult ies in construction practice. 

The second reason f o r the appearance of cracks in frozen soils is the formation 
and growth of "frost-mounds." They result f r o m the non-uniformity of freezing when 
water is under the action of hydrostatic pressure. In central areas of the European 
part of the USSR the height of frost-mounds measures several centimeters, or occa-

Figure 8. Tree (larch) torn by a crack in a frost-mound. Photograph by A.P. Tyrtikov. 

sionally tens of centimeters, but under conditions of continuous areal occurrence of 
perennially frozen soils the frost-mounds attain heights of several meters and even 
of some tens of meters ("bulgunnyakhi" in Yakutia). According to measurements by 
V . G . Petrov (48), the internal pressure in frost-mounds may reach several tens of 
atmospheres and produce bending of upper soil layers, which often causes the appear
ance of cracks (21). Usually, water under the action of hydrostatic pressure f i l l s these 
cracks, forming "icings"—"nalyeds"—which in places are of considerable size and 
cause considerable diff icul ty in road construction. 

The photograph of a sturdy larch torn by a crack formed in a frost-mound illustrates 
the magnitude of the mechanical forces which develop in freezing soils (Fig. 8). 



Chapter 3 

PHYSICAL PROPERTIES OF FROZEN SOILS 

1. INTRODUCTORY REMARKS 

The physico-mechanical processes which develop i n freezing soils produce p r o 
perties and structures of frozen soils which are quite different f r o m those of unfrozen 
soils. 

In this chapter we shall consider only the physical properties of frozen soils and 
their peculiarities, which designers must understand to take into account the specific 
characteristics of frozen soils. Mechanical properties of frozen soils w i l l be described 
in the next chapter. 

Builders need to know design indexes characterizing physical properties of frozen 
soils, as wel l as their peculiarities. The following characteristics of frozen soils are 
of special importance: bulk density, moisture content, ice content, amount of unfrozen 
water, porosity of the soil skeleton, weight of component parts of frozen soils, and so 
on (74). 

I t has already been mentioned that the principal difference between frozen and un
frozen soils, i n addition to the below freezing temperature, i s the presence of ice ce
mentation bonds in the frozen soils. The d ^ r e e of cementation of particles of frozen 
soils by ice i s affected by many foctors; pr incipal ly by the temperature of the frozen 
soi l , because wi th a change of temperature the interrelation between the amount of 
ice and the amount of unfrozen water contained i n a frozen soil changes-i. e., the phase 
composition of water i n frozen soils changes. The latter has such great sigidficance 
i n the evaluation of the physical properties of frozen soils that i t should be considered 
separately. 

2. PHASE COMPOSITION OF WATER IN FROZEN SOILS 

Water i n frozen soils can occur i n a l l three basic states of matter: gaseous, l iquid, 
and solid. The following types of water are distinguished in frozen soils: water vapor, 
water having a variable phase composition (partly unfrozen), ordinary ice, and solidly 
adsorbed water (38). 

Water vapor i s a gaseous phase of water i n frozen s o i l s - i . e., a state in which 
separate minute drops of water occur i n soil voids-generally not touching the mineral 
particles of the soi l . A t below-freezing temperature, i f the vapor i s not changed to 
ice i t s properties remain the same as they were at a temperature above freezing: the 
vapor-l ike moisture moves f r o m areas of higher pressure to areas of lower pressure; 
i n this case the water vapor has the usual properties. I t should be mentioned that the 
vapor may be i n a gaseous state at a very low temperature; f o r example, polar scien
t is ts found water vapor i n Antarctica even at a temperature of -4(PC ( -40°F) . 

Another type i s water of a variable phase composition. This i s water which i s not 
frozen at a given temperature- i . e., the l iquid phase of water, to 1940, judging by 
publications, scientists i n the USSR and abroad considered that the entire water content 
changed to ice i n f rozen soils, although the phenomenon of "supercooling" of water i n 
soils has been known f o r a long t ime (8). 

On the basis of investigations of physical properties of frozen soils and on the basis 
of a synthesis of numerous measurements and observations made previously (69), the 
conclusion was reached that i n any frozen soi l , at any temperature below freezing, 

20 
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there always remains a certain amount of unfrozen water. This i s the only way i n which 
certain mechanical properties of frozen soils can be satisfactorily explained. A t f i r s t 
this statement was advanced at a hypothesis; later a calorimetric method was worked 
out f o r determining the amount of unfrozen water (41) and i t was factually established 
that i n any frozen soil at any temperature below freezing a certain amount of unfrozen 
water i s always present. 

As early as 1940, M . I . Sumgin wrote (62, p . 464): " I n solid deposits ice occurs i n 
large fissures; regarding the minute voids in solid deposits we do not know yet whether 
water occurs there in the l iquid (supercooled) state, or i n the solid state; we may as
sume that in permanently frozen deposits water i s more l ikely to exist i n the solid than 
in the l iquid state." However, early in 1941 the author of this book presented at a con
ference of the Academy of Sciences, USSR, f o r the study of the productive potential of 
Yakutia, a paper in which he outlined the principles of the theory of incomplete freezing 
of water in frozen soils (71). 

In 1942 A . E. Fedosov ver i f ied the presence of unfrozen water i n perennially frozen 
soils and found that there was 5 to 25% unfrozen water i n the frozen soils of Yakutia 
(17). 

Later on the theory of incomplete freezing of water i n frozen soils became the basis 
fo r the fur ther development of problems of the physics and mechanics of frozen soils. 
Principles of this theory were presented in publications of 1945-1950 (72, 73, 42). 

Let us discuss the nature of the problem. I t i s known f r o m the physics of soils that 
mineral particles of water-saturated soils, as i s schematically shown in Figure 9, are 
closely surrounded by adsorbed water molecules which f o r m a layer of f i r m l y bound 
water. The next layers (lyosorbed) f o r m a zone of loosely bound water. Free water 
occurs s t i l l farther f r o m the surface of soil particles, where random motion of water 
molecules develops and these molecules are not bound by soil particles. The densest 
layer of water, the f i r m l y bound water, does not freeze at a l l ; i t i s attached to mineral 
particles of the soil wi th such force that i t does not change to crystall ine ice even at a 
temperature of -1860C (-3340F). 

The next water layer, lyosorbed water, i s also under the action of molecular at trac
tion forces of water molecules. This water constitutes the largest part of the unfrozen 
water. A t any given temperature below freezing only a certain portion of the water 
freezes and equilibrium is established between the forces of the crystall ization of ice 
and the electromolecular forces of the attraction of mineral particles. The lower the 
temperature, the larger the amount of water which freezes in the soi l . A t a tempera
ture of 0°C (32°F) f ree water freezes; at a temperature of - 0 . 1 to - 1 . OPC^a part of 
lyosorbed water freezes; at a temperature below -20PC, and f o r some dispersed clays 
below -3(fiC, practically a l l lyosorbed water freezes. When the surface of growing 
ice crystals reaches bimolecular and monomolecular layers of water, electromolecular 
forces of the attraction of water molecules to the surface of mineral particles increase 
so enormously (they are measured by values of some thousands of kilograms per sq 
cm) that they cannot be overcome by adsorptive forces of ice, and water molecules r e 
main in an unfrozen, although rearranged, state. 

Lyosorbed water i s water of variable phase composition. This t e rm i s applied be
cause a par t of the water at a given temperature below freezing may be in the frozen 
state, while another part , subject to the action of forces of mineral particles, remains 
in the unfrozen state. When the negative temperature increases, ice thaws in soils 
under the action of molecular forces, although the temperature s t i l l remains below the 
freezing point. For example, when the temperature rises f r o m -20OC to -IQOC ( - 4 ° F 
to 14°F), some of the water molecules change f r o m ice back to the unfrozen state, 
joining more mobile unfrozen water. I f the temperature rises a l i t t l e more, a new 
portion of ice again changes to water at a temperature s t i l l below the freezing point. 

In the process of growth, the ice crystals attract water molecules; when the t em
perature rises in a dispersed soi l , under the action of forces of attraction of the miner
a l particles the water molecules again separate f r o m the ice. The increase in content 
of the l iquid phase of water can be established by means of the calorimeter. 

If the distance between a layer of water molecules and the mineral particles i s about 
half a micron (0.5 j i ) , water i n this layer remains f ree and freezes and thaws at a tem
perature of O^C. 
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Experiments have shown that sands at different temperatures below freezing con
tain 0.2 to 2.0% of unfrozen water i n respect to the whole amount of water content; 
i . e., i n frozen sands aU water i s almost fu l ly i n the solid state. 

Clays at various temperatures below the freezing point contain f r o m 5% up to 40 to 
50% and more of unfrozen water in respect to the total water content. Due to the magni
tude of these values i t i s necessary to take them into account, especially in investiga
tions of thermal and other physical properties of frozen soils. Unfortunately, engineers 

f i rmly bound 
(adsorbed) 

\ loosely bound 
(lyosorbed) 

bound free woter 
woler 

Figure 9. Molecular interaction of forces of a mineral part icle of s o i l with water: 
(a) orientation of dipoles of water, (b) diagram of bonds of water, (c) changes i n the 

value of molecular forces. 

often do not consider this fact; i . e., they assume that a l l the water i n frozen soils i s 
in the ice phase, which is not true. One must take f o r granted that some unfrozen water 
i s always present i n any frozen soi l . 

Ordinary ice is the th i rd type of water contained in frozen soils. This i s ice formed 
i n large voids, as we l l as that occurring i n the f o r m of separate Inclusions, lenses, 
laminae, etc. I t should be mentioned that six different types of ice structure are now 
distinguished, depending on the magnitude of the pressure acting during the process of 
ice formation. 

The fourth type of water i n frozen soils i s solidly adsorbed water. This i s a mono-
molecular layer of water lying immediately at the surface of hard mineral particles 
and adsorbed by the surface. The larger the surface of mineral particles (which i s 
known to increase wi th the increase i n dispersity of the soil), the larger the amount of 
solidly adsorbed water contained in the soi l . 

These are the principal types of water contained in frozen soils. 

3. AMOUNT OF UNFROZEN WATER IN FROZEN SOILS 

Curves presenting values of luifrozen water content i n frozen soils are of the utmost 
significance f o r determining the physical and mechanical properties of these soils. 
These curves indicate the amount of unfrozen water contained i n a given frozen soil 
at any temperature below freezing. The difference between the total moisture content 
of the soil and the content of luifrozen water gives the ice-content of this soi l . 
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By "ice-content" i s meant the total content of ice in a frozen soil e:q)ressed as a 
percentage of the weight of the frozen soi l , or of i t s volume. 

However, i n the mechanics of frozen soils, i n making design computations, es
pecially those related to the thermal regime of soils, the so-called "relat ive ice-con
tent" i s more widely used. This i s analogous to the relative moisture content of un
frozen soils. 

The relative ice-content i s determined as a rat io of the ice weight to the total weight 
of water (all types) contained i n a frozen soi l . 

Accordingly, the relative ice-content i s determined as follows: 
wt - w, un (3.1) 

or 

i n which 

Wun 
W i 

(3.1') 

w^ => the total moisture content of frozen soU, in percent or as a ratio of the 
dry weight of the soil; 

Wyjj = the amount of unfrozen water, (in percent or as a ratio of the dry 
weight of soil); and 

i j . = the relative ice-content of the frozen soi l . 

Eqs. 3 .1 and 3 . 1 ' are used f o r computing the ice-content of frozen soils. Thus, in 
order to compute the relative ice-content, i t i s necessary to determine experimentally 
the amoimt of imfrozen water which w i l l be found at a given temperature of a frozen 
soil , and also to determine the total moisture content of the frozen soil; i . e., the total 
content of water and ice. Figure 10 presents the relationship between the unfrozen 
water content and the soil temperature, f o r clay, clayey s i l t wi th some sand, s i l ty 
sand wi th some clay, and sand. Each type of soil has i t s typical curve of variation in 
the frozen water content. 

Consolidation curves f o r unfrozen soils were f i r s t obtained abroad, but curves of 
variation of unfrozen water content i n frozen soils were obtained by sioviet scientists. 

Table 3 presents data obtained i n the Central Laboratory of the Physics and Mechan-

s 20 

Figure 10. Relationship 
tenqjerature: 1 - clay; 2 

between imfrozen water content of frozen s o i l s and the s o i l 
- pleistocene clay; 3 - clayey s i l t with some sand; k - s i l t y 

sand with some clay; 5 - sand. 
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TABLE 3 

UNFROZEN WATER CONTENT IN FROZEN SOILS, IN PERCENT OF THE 
DRY WEIGHT OF SOIL DURING THAWING CYCLE 

Temp. Kinelian Pleistocene Pleistocene Silty Sand with 
(OC) Clay Clay Clayey Silt Some Clay Sand 

with Some Sand 
- 0.3 34.3 17.0 12.0 _ 0.5 
- 1.0 26.0 14.0 9.5 4.5 0.3 
- 2.3 19.8 12.3 _ _ _ 
- 5.0 - - 7.0 3.5 0.3 
-10.0 15.3 9.3 6.5 3.5 _ 
-20.0 - - 6.4 _ _ 
-30.0 - 6.8 - - -

ics of Frozen Soils of the Academy of Sciences, USSR. This table gives the results of 
the determination of the amount of unfrozen water i n f ive typical soils at various tem
peratures below the freezing point. 

' Changes in the amount of unfrozen water i n frozen soils affect a l l their physical and 
mechanical properties, as w i l l be shown later m detail. Here i t should be noted that 
unfrozen water greatly influences thermal processes taking place i n soils during their 
freezing and thawing. These processes have a paramount importance f o r construction 
practice. For example, serious e r rors would be made in computations of the depth 
of freezing of dispersed soils (e. g . , clays) i f one did not take into consideration the 
fact that not the entire amoimt of water contained in frozen soils freezes. On the con
t ra ry , the consideration of unfrozen water permits one to approach the actually ob
served values. In fact , the heat capacity of f rozen soils i s approximately 0.4 to 0.5 
c a l . / g r . ( i . e., this number of calories i s needed to change the temperature of 1 gr . 
of frozen soU by 1°C); around 80 cal . are required to thaw 1 gr . of ice, or are re 
leased during the freezing of 1 gr . of water. Therefore, disregard of the fact that 
not the whole amount of water contained in dispersed clayey soils freezes may result 
i n e r ro rs i n computations of freezing or thawing, which may attain values of some tens 
of calories f o r each cubic centimeter. Thus, i f unfrozen water i s not taken into con
sideration, the accuracy of design computations may be greatly impaired. 

Analysis of the curves shows that wi th a change of the value of below freezing tem
perature the content of unfrozen water changes-the lower the temperature, the less 
unfrozen water remains in the frozen soil (or wi th a decrease of temperature, a larger 
amount of water freezes). As has already been mentioned, wi th a r ise of temperature 
a reverse phenomenon occurs. The relationship described is typical not only f o r frozen 
soils, but f o r other dispersed media as wel l , and also f o r organic masses. 

The phenomenon of incomplete freezing of water i n dispersed media i s very i m 
portant not only f r o m a technical standpoint, but also f r o m general physical and geo
logical standpoints. 

4. EQUILIBRIUM BETWEEN UNFROZEN WATER AND ICE 
IN FROZEN SOILS 

The amount of unfrozen water contained in a given frozen soil and the value of i t s 
temperature below freezing are interrelated i n a definite manner as i l lustrated by the 
curves of Figure 10. 

The amount of vmfrozen water i n frozen soils depends to a certain degree also on 
the value of the external pressure: wi th an increase of external pressure, the amoimt 
of unfroze^ water contained in a frozen soil increases. For example, a clayey soil 
which had been frozen without being subjected to pressure contained 50 percent of 
unfrozen water; the same soil under a pressure of 2 kg per sq cm contained about 60 
percent of unfrozen water. Hence, wi th an increase of pressure, the amount of un
frozen water also increases. 
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This may explain some very important mechanical processes which develop i n f r o 
zen soils under loading. For example, i t can be demonstrated (84) that, i f a load i s 
applied to a frozen soi l , ice laminae w i l l shif t f r o m areas of considerable stress to 
areas of smaller stress. This occurs i n the following way: under the action of local 
stresses (pressures) ice thaws, and the resulting water migrates into zones of smaller 
stress and freezes there. 

As a result of studies of the interrelationship between the amount of unfrozen water 
in frozen soils, their temperature below freezing, and external factors ( i . e., pressure, 
and others), the pr incipal law governing changes i n the amount of unfrozen water i n 
frozen soils has been established. This law was formulated in 1940 (69), was published 
in 1941 (71) and in 1945-1947 was corroborated by many detailed experiments (72 , 73). 

I t i s formulated as foUows: the amount, the composition, and the properties of un
frozen water contained in frozen soils are not constant but change wi th changes of ex
ternal factors, remaining in d3rnamic equilibrium wi th these factors. 

The theory of equilibrium between water and ice in frozen soils, based on the f o r e 
going law, facilitates the understanding of physical processes which develop in f rozen 
soils, as wel l as the evaluation of the influence of external factors on the mechanical 
properties of frozen soils. 

5. SPECIAL FEATURES OF PHYSICAL PROPERTIES OF FROZEN SOILS 

Frozen soils should be considered as a complicated four-component system, or a 
system consisting of four interrelated bodies: solid (mineral particles), plastic (ice), 
l iquid (unfrozen water), and gaseous (vapor and gases). A massive bedrock repre
sents a one-phase system; soil mass, a two-phase system; part ial ly saturated soi l , a 
three-phase system; and frozen soi l , a four-phase system. 

Therefore, f o r the determination of indexes of basic physical properties of soils, 
i t i s necessary to know at least four values: gg, the specific gravity of soil particles; 
Y, the bulk density of undisturbed frozen soil; w^, total moisture content based on the 
bulk weight of soil; and i j . , the relative ice-content. Or, the following four values can 
be determined which w i l l give identical results i n computations: gg, specific gravity of 
soil particles; "Y, bulk density; w^r , moisture content based on dry weight, i n percent; 
Wun, the amount of unfrozen water, also based on dry weight of soi l . 

These four basic characteristics of physical properties of frozen soils are determin
ed experimentally. Then, on the basis of simple equations, presented i n Table 4, i t 
i s easy to compute a l l types of ice-content of frozen soils, as wel l as to compute f o r 
a imit volume of soil the volume of gases, the weight of solid particles, the weight of 
unfrozen water, and the weight of ice. 

For practical purposes i t i s extremely important to know such basic characteristics 
of frozen soils as their bulk density, moisture content, ice content, or the amount of 
unfrozen water. The re l iabi l i ty of fur ther theoretical computations related to changes 
of the phase composition of water i n frozen soils depends on the accuracy of the de
termination of these characteristics. 

I t had been previously established and was f u l l y confirmed by recent investigations, 
that the basic characteristics of physical properties of frozen soils are indexes which 
are very important f o r investigations of their mechanical properties; the latter greatly 
depend on the temperature, the ice content of frozen soils, and the duration of loading. 

I t follows that i n the investigation of physico-mechanical properties of frozen soils 
i t i s important to apply proper methods in order to determine the physical state of 
soils, as we l l as the phase composition of water contained in the frozen soils, and 
changes in this composition induced by external factors. I t i s also necessary to de
termine the characteristics of the principal physical properties of frozen soils and to 
understand their importance in the study of physico-mechanical processes (including 
thermal ones) which develop in frozen soils and condition their peculiar structure. 
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TABLE 4 

INTERRELATIONSHIP BETWEEN THE INDEXES OF BASIC PHYSICAL 
PROPERTIES OF FROZEN SOILS 

Values Determined Experimentally Computed Values 

gg - specific gravity of soi l particles 

1 - bulk density of undisturbed soi l 

w. - total moisture content (based on bulk 
weight of sou) 

i _ - relative ice-content 

or 

7 -

specific gravity of soU particles 

bulk density of undisturbed soU 

w . - moisture content based on dry 
weight of sou 

w dr 
1 + w dr ' d r = r 

The relative ice-content 
w 

i ^ = l - un 
w dr 

Ice-content or ice saturation 

i 
w . w dr - un 

' d r 

Volume ice-content 

«w 

•ys = 

w . w dr - un 

l + ' d r 
7 (1 - W j ) 

or 
1 + w dr 

voids rat io 
g. s - Ys 

Ys 

w_._ - amount of unfrozen water based 
on dry weight of soi l 

The volume of gases in a unit volume 
of sou 

s ' 

where g ^ is the specific gravity of water. 

the weight of ice 

In a unit volume 
of sou 

- i = ^ ' t ^ ' 
the weight of unfrozen 
water 

eun= ^ ' t < l - V -
the weight of soi l 
skeleton 
8 3 = V ( l - w ^ ) 



Chapter 4 

MECHANICAL P R O P E R T I E S OF FROZEN SOILS 

1. SOME GENERAL REMARKS 

Mechanical properties of frozen, freezing and thawing soils are of great importance 
for rating soils as a material , an environment, and a base* of structures. For example, 
in the design of retaining structures created by a r t i f i c i a l freezing of soils (when r e 
fr igerat ion is applied), i t is important to know the strength of these soils. Then, de
pending on the strength properties of these soils, the dimensions of frozen soi l bar
r i e r s are determined; i . e . , the extent to which water-saturated soils should be frozen 
to be impervious and to possess sufficient resistance against the action of external 
forces is computed. 

Properties of frozen soils are of special significance in cases when these soils 
(a layer subjected to seasonal freezing, or a mass of perennially frozen soil) act as 
bases of structures and are subjected to the action thereof. I t is also important to 
consider the action of a rapidly increasing loading and the action of a constant load, 
because different types of resistance to external forces act in frozen soils depending on 
whether a constant load or a rapidly increasing temporary load acts upon them. 

The so-called "instantaneous resistance" is of major importance during excavation 
of frozen soils by various devices when the load is applied suddenly and the resistance 
increases rapidly. Also, during d r i l l i ng of core holes in frozen soils i t is important 
to know the resistance of the soi l to destruction, which depends on several parameters. 

The action of structures on frozen soils corresponds to the effect of constant load, 
which has peculiarities associated with the property of plastic f low of frozen soils . 

Properties of soils in a transitory state ( i . e., during freezing and thawing) are 
also important f o r builders, especially i f structures are erected under severe climatic 
conditions. 

The momentary resistance of frozen soils is generally large, being e:q>ressed Inr 
values of tens and even of some hvuidreds of kg per cm^ (1 kg per cm^ ^ 1 ton per f t ) . 
These resistance values are close to the resistance of concrete. However, under the 
continued effect of a constant load, frozen soils are destroyed under pressures which 
are many times smaller . This peculiarity of frozen soils is governed mainly by the 
properties of ice contained in them and cementing their mineral particles. Temporary 
compressive strength of ice reaches considerable values ( f r o m 30 to 80 kg per c m ' 
and more) ; the shearing strength of ice is approximately one-f i f th of i ts compressive 
strength. However, under loading of long duration, ice flows—slowly, but continuous
l y . This phenomenon determines to a considerable degree the plasticity and the plastic 
flow of dispersed frozen soi ls . Besides, when considering the mechanical properties 
of frozen soils, i t i s necessary to take into account the fact that any frozen soil always 
contains unfrozen f i l m water, the amount of which (especially in the zone of consider
able phase transitions) changes continuously under the influence of external factors . 
Cementing and plastic properties of ice and the presenc'e of unfrozen water govern the 
mechanical properties of frozen soils . 

«lfote: Xhe tern "base" lAlch aspears In the t i t l e of the book I s used I n Russian i n the 
sense of the mass of s o i l irtiich siipports the foundation of any type of structiu^. 

27 
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2. RESISTANCE OF FROZEN SOILS TO NORMAL PRESSURES 

Two kinds of loading wUl be considered here: (a) a rapidly increasing load, and (b) 
a lead of long duration. 

Experiments with rapidly increasing loads may be performed by means of an o i l -
press; f o r experiments with constant loads, lever devices may be used or tests by 
direct loading employed. 

Tests performed by oU-presses with a standard rate of increase of load (about 20 
kg/cm^ per minute; i . e . , 300 ps i per minute) give values of the ultimate strength, or 
the so-called temporary resistance, which is very close to the maximum momentary 
resistance. 

The results of compression tests of frozen soils may be presented in graphical 
fo rm* : the values of the ultimate compressive strength (<r{) are plotted against the 
corresponding values of temperature below freezing (T'*) (Fig . 11). 

The results of tests demonstrate 
that frozen sands are characterized by 
a much higher value of the ultimate 
compressive strength as compared to 
that of frozen clays (68, 73) . 

If frozen sands (see Fig. 11) at a 
OT?\ 1 -

160 

140 

6 o 

120 

100 

temperature of -10* C (14"'F) have an 
ultimate compressive strength of a-
bout 120 to 150 kg per cm^, then f r o 
zen clays have one of about 30 to 50 
kg per cm*; i . e . , several times less 
(68) . This is weU explained by the 
theory of the equUibrium state be
tween water and ice in frozen soils 
(73) . Actually, direct test determi
nations showed that frozen clays con
tain a considerably larger amount of 
unfrozen water in comparison with 
frozen hard-skeleton soils (sands and 
clayey sands). This is one of the 
main reasons why clays manifest a 
smaller resistance to external f o r 
ces, especially since unfrozen water 
in frozen soils is in a viscous-fUm 
state. 

The most significant factor de
fini tely determining the strength 
properties of frozen soUs is the 
value of their temperature below 
freezing. 

The ultimate compressive 
strength is proportional to the de
crease in temperature (see Fig . 11). 
An increase in compressive strengUi 
is observed continuously as the 
temperature decreases, even within 
the l imi t s of the practically frozen 
state (for sands lower than -2''C 
(28.4*F) to -5'C (23'*F), and fo r clays lower Uian - lO'C (13°F) to -20°C (-4 'F)) (38). 

The physical reasons for the increase of strength of frozen soils with a decrease of 
their temperature are as follows: f i r s t , the freezing of new portions of water in the 

-16 -20 

Figure 11. Relationship between ultimate 
compressive strength of frozen s o i l s , <rtj 
and the value of temperature below freez
ing, T°: 1 - sand (w^r 16-17 percent); 2 
- clayey sand (wdr 11-12 percent); 3 -
clayey sand (ŵ ĵ . 21-26 percent); h - clay 
(war U3-U9 percent); 5 - clay with s i l t 
and organic matter (w^j. 52-61 percent). 

•"•Numerical data are presented by N.A. Tsytovlch and M.I. Suagln (68). 
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voids, which is of significant importance, especially in the zone of considerable phase 
changes of water (up to -2''C (28.4*'F) to -7°C (19.4*^); and second, the quality changes 
of ice properties as a resvdt of a decrease of mobility of hydrogen atoms in the crysta l 
line lattice of ice. There are also some other factors leading to ajgreater strengUi of 
ice cementing the mineral particles of soils, with a decrease of temperature. 

The relationship between the ultimate compressive strength of frozen soils and their 
temperature below freezing as shown in F ig . 11, and also supported by numerous other 
data, may be approximately expressed by the equation: 

a + b T" (4.1) 

140 

120 

100 
E o 80 

C 60 

40 

20 

1 / 

-12° 

/ 
/ 
t 

•5" 

4 

ft 
10 20 30 40 

"dr % 
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in which a, b, and n are parameters and T'^ is the absolute value of the negative tem
perature (below freezing). Fig. 12 presents a graph of the change of the ultimate com
pressive strength of soils with the value 
of their total moisture-ice content (wdr) 
(68)-

The data presented show that dispers
ed frozen soils (clayey sands, clays, 
s i l ty soils, and others), depending on the 
value of their moisture-ice content, are 
characterized by a certain ultimate com
pressive strength. Experiments indicate 
that this maximum value corresponds 
approximately to a soil state such that a l l 
of the voids are completely f i l l ed with ice 
and part ial ly unfrozen water without any 
noticeable spreading out of mineral pa r t i 
cles. 

Tensile strength of frozen soils also 
increases with a decrease of their tem
perature, and depends on the ice-content 
of the soi l . The ultimate strength ( tem
porary strength corresponding to a rapid 
increase of loading) is approximately one-
half to one-third of the ultimate compres
sive strength. 

However, tests show that i f the load is 
applied f o r a long t ime, the resistance of 
frozen soils to external forces decreases 
considerably due to the relaxation of the 
structural and ice-cementation cohesion; 
simultaneously, the molecular cohesion 
increases somewhat. 

However, when the load increases rapidly, even i f the stresses are several times 
smaller than those corresponding to the ultimate compressive strength, the process of 
relaxation, as a rule , is of predominant importance. Frozen soils f a i l under much 
smaller loads when the loading is of long duration. 

Let us consider this process inasmuch as i t is of the utmost significance fori the 
evaluation of strength properties of frozen soils. 

Appropriate tests Indicate that under loading over a long period of t ime soils f a i l 
under smaller stresses; the period of time f r o m the beginning of loading up to the mo
ment of fa i lure is inversely proportional to the intensity of loading. Under the action 
of loads of magnitudes below a certain l i m i t frozen soils do not f a i l at a l l , no matter 
how long the load action may continue. 

The value of the strength found in the latter case is called a continuous stable r e 
sistance, or b r ie f ly , continuous resistance. 

The foregoing is i l lustrated by the data of Fig . 13 and Table 5, in which the results 
of direct tensile tests are presented (83). Samples of clayey sand with a total moisture-

Figure 12. Relationship between ultimate 
coii?)res8lve strength of frozen s o i l s , ot, 
and their t o t a l moisture content, v^j.; 1 
- sand (l-0.25mm); 2 - clayey sand (frac
tion 1-0.05mm, 68 percent; fraction 
0.005 mm, 8 percent ; 3 - clay (fraction 
0.005mm, 51 percent ; k - clay with s i l t 
(fraction 0.05-0.005fflm, 63 percent; or

ganic matter, 18 percent). 
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ice content of about 30 percent were tested at a temperature of -4.5''C (23. 9''F). 

TABLE 5 

TENSILE STRENGTH OF SAMPLES OF FROZEN C L A Y E Y SAND 

Stress 
(kg/cm") 20 10 6 5 4 2.5 2.0 1.8 
Time imt i l 
fa i lure occurs 9 3 27 4 24 140 766 No 

sec min min hr hr hr hr fa i lure 

20 

01 15 

10 

o'con 
10 

^I.Bkq/cmg 
766 

During the test described, observations 
were carr ied out for more than four years 
and the sample of frozen soi l did not f a i l 
under a tensile stress of 1.8 kg/cm^ (1 
kg/cm* S 1 ton/ft^) . Thus, continuous 
tensile strength in this case equals 1. 8 
kg/cm^, which is approximately one-
eleventh of the "momentary" tensile 
strength of the same so i l . 

Let us derive an analytical expression 
for the curve of stress relaxation in f r o 
zen soils under action of a constant load, 
whereby we w i l l consider frozen soils to 
be elastic-viscous bodies. 

If the total deformation of a frozen 
soil sample remains constant under load, 
a gradual stress relaxation w i l l occur. 

The total strain, « , is composed of the elastic component, e el» plastic 
component ep^. Hence, may be wri t ten: 

« = «el *pl " 

The plastic deformation may be determined f r o m Newton's law, assuming that the 
velocity of the plastic deformation is proportional to the working stress; i . e., 

^ (b) 

t, hr 

Figure 13 
stress, a. 

Relationship between tensile 
, and tljne u n t i l f a i l u r e , t . 

°*pl 
dt 

in which i i is the coefficient of proportionality (coefficient of viscosity), and 
ff denotes the working stress. 

According to the law of elasticity the value of the elastic stress i s : 

1 
el E (c) 

in which E denotes the modulus of elasticity. 
Differentiating Eq. (a) with respect to t gives 

dc el dc 
PL (d) 

dt " dt 

Substituting in Eq. (d) the expressions of deformations f r o m Eqs. (b) and (c) gives 

d<r E 
dt = 0 
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Af te r integration, determination of the constant of integration, and a few simple 
transformations (38), we obtain: 

~ t 

<r = o- e o 
(e) 

Setting i^/E = t j . (so-called time of relaxation), and mtroducing Shvedov's correc
tion, which implies that not the whole stress relaxes but only its excess above the va l 
ue of the continuous resistance—i.e., o- i^gt " con (^^g- 14)—we obtain: 

- V t r 
<rj = •'con + (o- Inst " ^ con) e (f) 

From Eq. (e) i t is possible to f ind also the continuous resistance, which is very 
important. Solving this equation for O-^Q^ setting 

we obtain 

a 
con 

- % s t ' (g) 
1 - z 

In order to compute f r o m Eq. (g) the value of the continuous resistance, ocon. i t is 
necessary to know the value of z. 

It can be shown (38) that the value of z may be foimd f r o m the equation: 

„ _ "•l-*'2 (h) 

% s t - " " l 

in which <r denotes the strength corresponding to the action of the load during the time 
t i ; OS denotes the strength corresponding to the time t?, wherein U = 2t i ; and oingt 
denotes the strength fo r a very short duration of the action of the load (the instantanous 
resistance). 

The foregoing theoretical considerations, as wel l as the results of direct tests car
r ied out fo r the investigation of stress relaxation in frozen soils (V. G. Berezantsev, 
S. S. Vyalov, N . A . Tsytovich, and others) (38, 83), demonstrate that the continuous 
strength of frozen soils under the action of normal stresses is many times (often seven 
to ten times and more) smaller than the instantaneous strength. Therefore i t is very 
important to know the continuous strength of frozen soils. At the present t ime the 
problem of tests of long duration not only on frozen, but also on unfrozen clayey soils, 
is posed by construction practice, although such tests take a long t ime; testing of 
frozen clays takes half a year and more, that of hard unfrozen clays takes about three 
months. 

However, long duration testing of frozen clayey soils indicates that experimental 
curves of stress relaxation d i f f e r f r o m the theoretical curves, computed fo r an ideal 
elastic-viscous body. The stress relaxation in frozen soils occurs according to a 
somewhat different law ( e ^ r i m e n t a l data indicate that the relation has a logarithmic 
character). 

Therefore, at the present stage of the study of this question, i t is recommended that 
the continuous strength should be determined experimentally. This is a rather com
plicated process, but i t w i l l be shown later that in some cases (e. g . , during the de
termination of continuous cohesive forces) not many diff icul t ies are encoimtered. 

Thus, imder a rapid increase of load, frozen soils manifest an enormous strength, 
which attains—e. g . , in the case of ice-saturated frozen sands at a low temperature-
hundreds of kg/cm". Such strength presents diff icul t ies during excavation of frozen 
soils by cutting and impact machinery as wel l as during the d r i l l i ng of bore holes. 
However, when a static load is applied for a long t ime, the resistance of frozen soils 
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- t 2 = 2 t , H -

Figure 11*. The curve of the relaxation of stresses in frozen s o i l s . 

to normal stresses is reduced considerably. Nevertheless, frozen soils under the 
continuous action of a load have a resistance several times larger than that of unfrozen 
soils of the same type. 

3. SHEAR STRENGTH OF FROZEN SOILS 

It is a wel l known fact that the strength of any material at a given point is essential
ly determined by the shear strength of this material . Therefore, the shear strength 
of frozen soils is a significant characteristic. 

Experiments of recent years, carr ied out by S. S. Vyalov, N . K. Pekarskaya, and 
N . A . Tsytovlch, indicate that the shear strength of frozen soUs depends on many fact
ors and is a fimction of at least three variables: 

T = f ( T , p , t ) , 

where T is the temperature of the soil (below freezing); p is the external pressiire; 
and t is the time of action of the load. 

Corresponding tests show that frozen soils may be considered as overconsolidated 
soUs (in the process of freezing) and that, within certain l im i t s , they are subject to 
proportionality between shear strength and normal pressure; i . e . , 

T = c^ + tan «t» ^ p. (a) 

in which C T Is the cohesion and angle of internal f r i c t i on of the frozen soi l . 
However, in Eq. (a) the parameters of the straight l ine, C T and cannot be consid
ered to be constants, because they change depending on the subfreezing temperature of 
the frozen soU as we l l as on the duration of the action of the load. 

Figure 15 gives the results of shear tests with samples of frozen Kudinovskyya clay 
at various temperatures, as obtained by N . K . Pekarskaya (38). 

The data of F ig . 15 indicate that wi th the decrease of the temperature of the frozen 
sou, its shear strength increases—the total strength as we l l as its components, the 
angle of internal f r i c t i on <{> and, part icularly, the cohesion c. At a temperature close 
to O'C (32*'F), the angle of internal f r i c t i on of frozen soUs practically eqiials the angle 
of internal f r i c t i on of tmfrozen soils, but the cohesion of frozen soUs is much larger 
than that of unfrozen soUs. This makes i t possible to neglect the internal f r i c t ion of 
frozen soUs in many computations, especially in cases of clayey soUs at high tempera
tures. 

The duration of the load action, t , has great significance fo r the evaluation of the 
shear strength of frozen soUs, just as i t did when considering the resistance of soUs 
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to normal pressure. The reason lies in the enormous influence of stress relaxation on 
the mechanical properties of frozen soils. For example, the experiments of N . K. 
Pekarskaya and N . A . Tsytovich on frozen clayey soil of reticular structure with a total 
moisture content of 33 percent gave the following results: -2°C (28.4*'F) the shear 
strength of the soil imder the rapidly increased loading equaled 13. 7 kg/cm^, whereas 
the continuous shear strength was only 1.1 kg/cm^. 

For the determination of the total magnitude of the continuous shear strength of 
frozen soils, S. S. Vyalov (84) proposes the following equation established on the basis 
of experiment 

P 
con 

log (4.2) 

in which tcon denotes the continuous shear strength of frozen soi l ; p and B are para
meters of the relaxation curve, which can be easily foimd f r o m a graph plotting 
as the in i t ia l ordinate and log t as the angle of inclination of the obtained straight line; 
and tex is the l i m i t t ime, which i t is recommended be set f o r safety at 50 years. 

Figure 16 illustrates the results of some shear tests performed by this author and 
his co-workers with frozen clay having w^^ Z 33 percent: data are presented on rapid 
shear (upper line. F ig . 16a) and on shear of long duration (lower line, F ig . 16a). 
Fig . 16b presents the relaxation of cohesive forces of the same soi l . In the case con
sidered, the angle of internal f r i c t ion decreased f r o m 14° to 4°, the cohesion f r o m 5.2 
to 0.9 k g / c m ^ 

These data indicate the pr imary significance of the process of stress relaxation in 
frozen soils, since, due to this relaxation, the continuous shear strength of frozen 

T,kg/cm2 

T = + 20" 

P,kg/cm2 

Figure 1$. Relationship between shear strength, T, of frozen s o i l s , magnitude of 
external pressure, p, and teii?(erature below freezing, T. 
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Figure 1 6 . Relationship between shear strength of frozen s o i l s (coefficient of internal 
f r i c t i o n and cohesion) and time of load action, showing results of shear tests, (b) re

laxation of cohesive forces and (c) strength of b a l l t e s t . 

soils is several times smaller than the instantaneous shear strength. A part icularly 
significant decrease with t ime is observed in the cohesive forces of frozen soils ( f rom 
% to Vs of the value of c^nst)' which constitutes the basic strength characteristic of 
soils in a frozen state. ^ 

The author proposed in 1947* to apply the method of the ball penetration test fo r 
effective determination of cohesive forces in frozen soils. This method is described in 
detail in other works (38, 78, 89); the diagram il lustrat ing the method is presented in 
Fig . 16c. 

The value of the cohesive forces, as follows f r o m a rigorous solution on the basis 
of the theory of.plasticity, is determined by a simple equation: 

P (4.3) 0.18 
irDS 

in which P is the pressure on the bal l ; D is the diameter of the bal l ; and S is the f ina l 
depth of penetration of the bal l , which is different fo r different intervals of t ime. 

If the value of settlement (the depth of penetration) of the bal l is determined immedi
ately after application of the load (in 5 to 10 sec), the value computed by Eq. 4.3 de
termines the momentary cohesion. If the value of S corresponds to a settlement which 
became stabilized in the course of t ime, the computed value implies the continuous 
cohesion. 

Sometimes the following method is used in order to accelerate the testing. Taking 
into accoimt that the relaxation of the cohesive forces proceeds most intensively diuring 
the interval of t ime immediately following the application of pressure (sometimes 
within the f i r s t minutes, and not later than the f i r s t 1 to 2 hours), the observations of 
the depth of penetration of the bal l are carr ied out in the course of a l imi ted interval 
of t ime ( i . e . , 4 to 8 hr) ; an empir ical correction is introduced f o r the computation of 
the continuous cohesion. Thus, according to the data of S. S. Vyalov, continuous 
cohesion of frozen ice-saturated clayey si l ts with sand, clays, and clayey sands (at 
temperatures f r o m -0.2*'C ( 3 1 . 6 4 ° ^ to (2.0"*C (28.4**F) can be determined sufficiently 
accurately for practical purposes f r o m 

con 
0.8C8 

in which cs is the cohesion of the soi l af ter the load has been applied for 8 hours. 
The value of cohesive forces of frozen soils also greatly depends on the temperature of 

the soi l below freezing. It was shown experimentally that the relationship between the value 
of cohesion and the temperature of frozen soils i s adequately expressed by the equation (82) : 

^Instructions for the Determination of Cohesive Forces i n Cohesive Soils by the B a l l 
Penetration Test." BermafroBt Institute, Acad, of Sc., USSR (19 '^7) . 
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A + B T O . 5 (4.4) 

in which, A and B are parameters of the curve and T is the value of the temperature 
below freezing, in degrees Centigrade. 

Further investigations showed (5) that Eq. 4.3 correct ly determines the value of 
cohesive forces only for highly plastic soils with a coefficient of internal f r i c t i on ^<'f; 
f o r soils with a larger angle of internal f r i c t i o n a correction, M , should be introduced 
as a mult ipl ier in the r ight part of Eq. 4 .3 . The value of M is as follows (78,5): 

<t> M 
10* 0.61 
20" 0.28 
30" 0.12 

However, when computing the bearing capacity of frozen soils, i f they are consid
ered to be perfectly cohesive media, there i s no need to introduce the correction M , 
because the value of the cohesive forces determined by the bal l test is a more general 
complex characteristic embracing not only cohesion proper but, to a certain degree, 
also f r i c t ion (82). This opens wide possibilities f o r using the results of ball testing 
of frozen soils7or the determination of their bearing capacity. 

4. ULTIMATE RESISTANCE OF FROZEN SOILS UNDER ACTION OF 
LOCALIZED LOADING 

Inasmuch as frozen soils are characterized by considerable cohesive forces and by 
small angles of internal f r i c t i o n , especially at temperatures close to O'C (32'*F), fo r 
the determination of their bearing capacity, i t is possible to consider them as perfectly 
coherent media; i . e., to assiune ^ = 0. This considerably s implif ies a l l the computa
tions and, as shown by the comparison of computed values with those obtained in load 
tests, does not involve any significant e r ro r s . This is a l l the more just i f ied because 
the value of cohesive forces found by the ba l l method indirectly takes f r i c t i on into ac
count. 

However, as opposed to perfectly plastic media, when considering frozen soils i t 
is necessary to take into account their re lamtion properties, by introducing into cor
responding equations values of " l i m i t continuous characterist ics ." 

Let us consider the action of the localized loaded area on frozen soil in the case of 
the two-dimensional problem (Fig. 17), assuming that the soil is a perfectly cohesive 
medium. 

We denote: 

P 

f D 

2,|,: 

load per unit area; 
i bulk density of the 
soi l ; 
depUi to foundation 
level; 
weight of overburden 
around loaded area; 
and 
angle as shown in 
F ig . 17. 

Let us f ind the load which wiU 
correspond to the beginning of the 
appearance of plastic zones in the 
soi l under the load. 

The condition of plasticity fo r 
perfectly cohesive materials is as 
follows: 

Lp kg/cm mmmmmm m/////mm 

max IT = const. 
Figure 1? . Action of a localized loaded 
area for the case of a two-dimensional 

problem. 
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This means that within the whole plastic zone the shear stress is constant and equal to 
the continuous cohesion. 

In the case of the two-dimensional problem: 

• max 2 ^con 

where o-i, and n, are principal stresses fo r the point considered. 
It is known that fo r the conditions of the two-dimensional problem the prmcipal 

stresses are expressed by the equations: 

0-1 = ^ (2\j/ + sin 2\|;) 

<r2 = ^ (2tj; - sin 2y^) 

Substituting into the condition of plasticity, we obtain: 

<ri - <Ti p sin 2<|/ „ 
— 2 =— = Ccon 

f r o m which we f ind : 

Po = Sin 2\|r 

It is evident that max p corresponds to sin 2ifr = 1. Then the load corresponding to the 
beginning of the appearance of plastic zones under the loaded area along the circular 
line adjacent to the boundaries of the loaded area equals: 

Po=TrCcon, ( 4 5 ) 
and, taking into account the weight of the surrounding overburden we obtain: 

P o = - > r C c o n + 7 ° (4.5 ') 
This is the value of load which in any case can be safely applied to a frozen soi l , since 
the proportionality l i m i t w i l l not be exceeded. This is the conclusion of Professor V. G. 
Berezantsev (38). 

The ultimate value of the load applied to frozen soils and corresponding to the failure 
stage can also be determined f r o m simple equations. The solution of this problem for 
perfectly cohesive media was obtained as early as 1922 by L . Prandtl and was recom
mended by N . A . Tsytovich and by M . I . Sumgin in 1937 (68). The ultimate value of the 
load, i f only the cohesion of frozen soils is taken into account, equals: 

or 

Pul = (Tr+ 2) ccont +y ^ 

Pul = 5.14 Ccont + Y ° (4.6) 

In the case of the axial ly-symmetrical three-dimensional problem for square founda
tions the equation i s : 

Pmax= 5.71 C c o n t ( 4 . ' ? ) 

Thus, in investigations of the bearing capacity of frozen soils i t is necessary to con
sider their continuous resistance to external forces. 

The load corresponding to the beginning of the appearance of a plastic zone (Eq. 
4 .5 ' ) may be considered as a permissible load. The safety factors to be applied in the 
determination of the permissible load on the basis of the ultimate resistance is a mat
ter fo r building codes, which give special tables of design (permissible) loads on frozen 
soils. 
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Table 6 presents the most recent data (1956) of the Permafrost Institute of the Acad
emy of Sciences, USSR (84), on values of allowable design stresses (permissible pres
sures) on frozen soils under conditions where i t is certain that the temperature in the 
soil bases under the structures w i l l always be below freezing. 

TABLE 6 

ALLOWABLE DESIGN STRESSES FOR FROZEN SOILS, IN KG/CM^ 

Highest Temperature of Soil at Level of 
Lower Surface of Foundation 
During Use of Structures 

Soils - 0.4'C 
(31.29 'F) 

- 1.2"C 
(29.84'*F) 

- 4.0*'C 
(24. S ' F ) 

Sands, medium and fine-grained 6.0 10.0 14.0 

Clayey sands with s i l t , wdr ^ 35% 3.5 7.0 10.0 

Clayey s i l ts , w^r ^ 45% 3.0 5.0 8.0 

Ice-saturated s i l ty soils (clayey sands, 
clayey sil ts with sands, and clays), with 
a large amount of ice laminae and inclu
sions of more than 5-mm thickness 2.5 4.0 6.0 

It should be mentioned that Table 6 gives much larger resistance values fo r frozen 
soils in bases under structures than do the building codes. One should take into account 
that recommendations concerning the last soi l listed (see Table 6) w i l l apply only where 
there is no direct contact of ice with the lower surface of the foundation. To achieve 
this i t is necessary to place on the excavation bottom a layer of moist sand (if only 5 
to 10 cm, or 2 to 4 i n . , thick) and subsequently to cool i t to corresponding tempera
tures below freezing. 



Chapter 5 

P R O P E R T I E S O F F R O Z E N S O I L S ON THAWING 

1. SIGNIFICANCE OF THE PROBLEM 

In the erection of Structures on frozen soils the most dangerous factor is the thaw
ing of soils below the structure, i f this thawing has not been foreseen and special 
measures taken to cope with i ts effects. 

Most of the fai lures which occur in construction on frozen soils are caused by sud
den changes of soi l properties upon thawing. Most frozen soils, which are character
ized by a considerable bearing capacity (5 to 10 kg /cm ' and more) , af ter thawing 
change into a semifluid mass unfit to support the weight of the structure. This i s the 
main cause of damage occurring on a vast scale in structures erected on frozen soils . 

Upon thawing of frozen soils, the cohesive forces between particles, mainly the 
cementation forces of ice, change abruptly; ice laminae, lenses, and other ice inclu
sions are transformed f r o m rather hard solids into a f lu id which is easily squeezed 
out f r o m most of the voids even under the action of the weight of the soil i tself . This 
causes a sudden change of the soi l structure, which is one of the principal factors gov
erning physico-mechanical properties of soils. 

2 . CHANGES IN STRUCTURE OF FROZEN SOILS ON THAWING 

Changes in the structure of frozen soils during thawing vary, depending on the type 
of structure present in the soi l when in a frozen state. 

Frozen soils of laminated structure greatly change their structure upon thawing, 
but f rozen soils of massive structure change insignificantly. 

The structure of frozen soils changes upon thawing because ice-cementation bonds 
are destroyed when ice changes to water. However, the thawing of ice in the voids of 
frozen dispersed soils occurs not only at 0°C ( 3 2 ' ' F ) , but, according to the theory of 
incomplete freezing of water in dispersed frozen soils, also at any increase in temper
ature, even in the range of temperatures below freezing. 

For example, i f the temperature of soils increases f r o m -10*0 (14°F) to -5'C 
( 2 3 ' ' F ) , some of the ice w i l l thaw, increasing the amount of l iquid water of a variable 
phase composition. This w i l l , of course, influence the physico-mechanical properties 
of thawing soils as we l l . 

When the temperature of a soil approaches O'C ( 3 2 ' ' F ) — o r , more precisely, the 
temperature of the thawing of ice in the voids—the strength properties of the soil de
teriorate, but the frozen soil s t i l l has a certain strength, because the cementation co
hesion has not yet completely disappeared. Also, many voids are s t i l l f i l l e d with ice 
which mechanically joins separate particles into sufficiently dense aggregates. How
ever, after the complete thawing of ice in the voids, the structure of the soil changes 
greatly. 

The change i n the structure of frozen soils upon complete thawing is caused by two 
simultaneous processes: f i r s t , by consolidation resulting mainly f r o m the squeezing 
out of thawed water; second, by the swelling of mineral aggregates which fo rmer ly 
were dehydrated due to the f ros ty compression. As a result of the development of 
such processes, considerable settlement occurs in most thawing soils. However, in 
some types of frozen soils—i. e., in soils overconsolidated by an ancient ice sheet—a 

38 
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Plotting the changes in voids rat io, Ae, against the external pressure, p , gives a 
curve such as shown in Figure 18b. 

Analysis of results of later tests led to the conclusion that the curve of changes in 
e may be expressed in very general f o r m by the equation: 

Ae = A M + f(p) (5.6) 
i . e . , changes in voids ratio of frozen soils during thawing are caused by two factors: 
A M , which does not depend on the magnitude of external pressure, and f(p) , which is 
a direct function of the normal pressure. For the ranges of pressures usually allow
able on thawing soils underneath structures (up to 3 to 5 k g / c m ^ , as indicated by sta
t is t ical analysis of the results of special tests (39), the curve of changes in voids rat io 
of frozen soils during thawing may be presentedT'wlth a great degree of precision, by 
the equation of the straight line (see F ig . 18b), i . e . , i t can be wri t ten: 

Ae = A M + aThP (5.7) 
where A M is the so-called coefficient of thawing, and is the coefficient of conj 
solidation of soil during thawing. 

It was indicated that Eq. 5.7 is valid f o r pressure intensities not larger than p . 
AS is known f r o m soil mechanics (74), the settlement due to consolidation of soils 

under a continuous load is determinecTby the equation: 

where ei is the in i t i a l voids ratio of the soi l and h is the thickness of the consolidating 
layer. 

Substituting Ae f r o m Eq. 5.7 gives: 

T+eT 1 + ei ^ 

^ A M \ 

as the so-called reduced coefficient of thawing and 

'°v(Th) = i ^ 

as the reduced coefficient of consolidation or modulus of volume change during thawing, 
we obtain 

S = Ao h + mv(Th) h P (5.8) 
Eq. 5.8 e^qpresses the following law: Under pressures of not very large values, up to 
3 to 5 l ^ / cm* , the settlement of frozen soils after thawing consists of two components: 
(1) the value Aoh, the settlement of thawing (or thermal settlement), which is inde
pendent of the magnitude of the external pressure; and (2) the value mv(Th) ^ P» 
settlement of consolidation, which is proportional to the external pressure. 

Taking into account the action of the soil 's own weight as well ( f rom the triangular 
diagram of the distribution of consolidation pressures), we obtain (70): 

S = Aoh + mv(xh) P h + m^(Th) (5- 9) 
/ 

Analysis of Eq. 5.9 leads to the conclusion that the magnitude of the settlement of 
soi l under the action of external pressures equals the modulus of volume change m u l t i 
plied by the area of the diagram of consolidation pressures. 

Then i t is possible to wri te in a very general f o r m (Fig . 19): 

S = Ao h + mv(Th) (A^ + Ap) (5.10) 
where Ay is the area of the diagram of consolidation pressures imposed by the soil 's 
own weight (down to the depth of thawing), and Ap is the area of the diagram of con
solidation pressures under the action of external loads. 
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I N N r m 

Figure 1 9 . Equivalent diagram of consolldfltlon pressures. 

AQ and mv(Th) the reduced coefficient of thawing and the modulus of volume 
change during thawing, which govern the settlement of thawing soils . 

The rel iabi l i ty of the determination of the settlement due to consolidation by Eq. 
5.10 depends on the precision of computation of the area of the diagram of consolida
tion pressures. As a rule, the Ap is computed on the basis of the theory of elasticity, 
which is widely applied to computations re fe r r ing to unfrozen soils . 

However, a two-layered or many-layered nonhomogenous system is much closer 
to natural conditions, because the thawing soil w i l l have a much smaller modulus of 
deformation than that of underlying frozen soils . To consider the frozen underlying 
layers as being absolutely r ig id and noncompressible, as recommended by some 
authors (30), is inaccurate. This is because the modulus of deformation of some 
frozen soils at a relatively high temperature, especially that of clayey soils, is often 
several times larger than the modulus of deformation of thawed soils, and sometimes 
has a value of the same order of magnitude. S the frozen soils are assumed to be ab
solutely r ig id , a considerable concentration of compressive stresses is assumed to 
occur at the boundary of thawing, but this is not observed in nature. K would be more 
accurate to consider thawed soils underlain by frozen soils as a many-layered, at 
least a two-layered system. The analytical determination of stresses and deforma
tions in these cases is much more complicated. 

In order to s implify computations the author fo rmer ly proposed, f o r the approx
imate determination of the settlement of thawing soils, the use of his method of an 
equivalent layer of soi l (70). 

Denote 
hs = thickness of an equivalent layer of soi l ; 
z i = distance f r o m the middle of the layer of 

thawed soil down to the depth 2hs; and 
hi = thickness of separate layers of thawed so i l . 

Then, i f we neglect the compressive deformation of the frozen layers, underlying the 
thawing soil as compared to the deformation of the thawed layer i tself , as was shown 
previously (70), i t is possible to derive.the following equation which w i l l define the 
settlement ( founda t ions on thawing layered soils with a precision sufficient f o r engi
neering computations: 
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S =5^Aoi hi + 23 m, KTh)i A.̂  '»v(Th) (5.11) 

The value of the equivalent layer of so i l , h j 

hg = A <o b 
ig, is computed f r o m the equation: 

(5.12) 

where A is a coefficient depending on the lateral e:q)ansion of soi l (on | i ) ; » is a co
efficient depending on the f o r m of the foundation area and on i ts r ig idi ty ; and |x i s a co
efficient of the lateral expansion of soi l (analogous to Poisson's ra t io) . 

In order to s impl i fy the computations, values of A « f o r f lexible and absolutely r ig id 
foundations (74) are presented in Table 8. 

TABLE 8 

VALUES OF THE COEFFICIENT OF THE EQUIVALENT LAYER A » 

Ratio of 
Side 

Lengths 
Pebbles and 

Cobbles 

(1 = 0.10 

Sands 

| i = 0.20 

Clayey 
Sands and 

Clayey 
SUts with 
Some Sand 

| i =0.25 

Clays 

(1. = 0.30 

A u f A U f A w f A U f A(i>f A AiOf Aa J. 

1 1.13 0.89 1.20 0.94 1.26 0.99 1.37 1.08 
1.5 1.37 1.09 1.45 1.15 1.53 1.21 1.66 1.32 
2 1.55 1.23 1.63 1.30 1.72 1.37 1.88 1.49 
3 1.81 1.46 1.90 1.54 2.01 1.62 2.18 1.76 
4 1.99 1.63 2.09 1.72 2.21 1.81 2.41 1.97 
5 2.13 1.74 2.24 1.84 2.37 1.94 2.58 2.11 
7 2.35 - 2.47 - 2.61 _ 2.84 _ 

10 
and more 2.60 2.20 , 2.70 2.30 2.90 2.40 3.10 2.60 

Values under the heading A u f refer to absolutely f lexible foundations, and values 
under Aa^. refer to absolutely r ig id ones. These values are given depending on the 
rat io of the length, 1, to the width, b , of the rectangular area of the foundation; i . e . , 
depending on the value a = 1/b. 

Settlement of thawing soUs is computed as follows: 
For a foundation of given area, the value of the coefficient Aw is found f r o m the 

value of the ratio a = 1/b and f r o m a given r igidi ty of the foundation; the thickness of 
the equivalent layer hg is computed f r o m Eq. 5.12. Then the distance z j is determined 
f r o m the center of each separate thawed soi l layer down to the depth 2hs. 

Computation of the area of the diagram of compressive pressures imposed by the 
soil 's own weight A-y i (see F ig . 19), which is included in Eq. 5.11, does not present 
any special d i f f icul t ies . The values obtained, as wel l as values of design characteris
tics of soils and the value of the external pressure p, are inserted into Eq. 5 .11. 

If the cessation of settlement with time is to be determined (70), i t is recommended 
that in computing the thickness of the equivalent layer of soi l , hg, as wel l as in plotting 
a triangular diagram of consolidation pressures, a value of |x = 0.2 should be used for 
sandy soils, and for clayey soils, (i. = 0. 3. G. I . Lapkin (31) showed that the use of 
these values leads to the smallest divergence between the values of consolidation pres
sures as computed f r o m the equivalent diagram and those directly obtained f r o m equa
tions for an elastic semi-infinite solid. 

Settlement of thawing soils, occurring within ranges of values obtained f r o m the 



46 

foregoing formulas, proceeds differently depending on the composition of the soils . 
Settlement of sandy and of coarse skeleton soils occurs in practice during the process 
of thawing. However, the consolidation of clayey soils may continue f o r a long t ime 
after thawing. Time-settlement curves of thawing soils depend mainly on the speed 
and character of thawing, as wel l as on the permeability of the thawed soils and the 
conditions of e^qnilsion of the thawed water. 

I t should be mentioned, also, that according to the present building code (NiTU 118-
54), i t is permissible to evaluate the settlement of thawing soils on the basis of the so-
called method of contact pressures (30). The value of the settlement is determined 
f r o m the equation: 

n n 
S =E (Aoi + mv(Th)i P i )h i + b pE mv(Th)i ( « z , i " » z , i - l ) (5- ^3) 

where a l l the symbols are the same as previously defined, and p " is the "natural" pres
sure imposed by the soil 's own weight taken as a mean f o r a layeV studied under con
sideration of the hydrostatic up l i f t . 

I t can be shown that i f one substitutes into the weU-known equation of settlements of 
a semi-infini te elastic solid the exact value of the e}q>ression 

1 - It" (1 - y.)' „ -E- =^-rTir °V(Th) 

Instead of the a rb i t r a r i l y accepted (30) value 

l-V? 

— g — »Jnv(Th) 

i t w i l l foUow that the value 4^ 
w i l l correspond to the equivalent layer of soU, hg, and Eq. 5.13 w i l l d i f fe r f r o m Eq. 
5.11 only in the method of accounting f o r compressibility of separate layers of soi l and 
in the value of » 2 , computed on the assumption that the thawed soil was instantaneously 
and completely compressed by the increased contact pressure. However, i t should be 
noted that at present no sufficient grounds exist to consider that any thawing soi l , a l l 
the more a clayey soi l , completely consolidates in the process of thawing; therefore, 
frozen and thawed soils cannot be regarded as completely incompressible soils . 

Hence, the method of contact pressures may be applied only f o r an approximate 
evaluation of the settlement of clean sandy and gravelly frozen soils af ter their thawing 
under structures. The principal characteristics of thawing soils to be used are as f o l 
lows: the coefficient of thawing, Ao; the depth of thawing, h; and the modulus of volume 
change in the process of thawing, mv(Th)-



Chapter 6 

M E T H O D S O F CONSTRUCTION ON F R O Z E N S O I L S AND 

E N G I N E E R I N G P R E P A R A T I O N O F T H E A R E A 

1. INTRODUCTION 

The proper planning of measures to secure the safety of structures depends in large 
degree on the selection of a method of construction on frozen soils in which the proper
ties of the subsoils are thoroughly considered, as we l l as the structural characteristics 
of the structure i tself . 

I t should be mentioned that considerable deformations of structures erected on f r o 
zen soils have often been observed. This occurred more often in the past when the 
characteristics of frozen soils were not taken into consideration by builders. Unti l 
about the 1930's almost a l l structures erected on frozen soils developed cracks and in 
the course of a few years became completely unusable; therefore, construction on f r o 
zen soils was complicated and expensive. Soviet scientists and engineers have worked 
out the principles of new methods which make possible construction of sufficiently du
rable, permanent, and economical structures. 

Deformations occurring in structures erected on frozen soils mainly result f r o m the 
caving and settlmg of so i l after thawing. These phenomena occur because l iv ing quar
ters and public and industrial buildings wi th temperatures above freezing inside (15 to 
20 "C, 50 to 7 0 ' ' F and higher) continuously produce a certain amount of heat, a part of 
which causes the thawing of frozen subsoil under the foundation. Then the frozen soi l 
often is transformed into a semi-l iquid mass which is squeezed out f r o m beneath the 
foimdation. Due to the differential settling of the foundations, cracks appear which i n 
crease in size and the building gradually becomes completely unusable. The f i r s t 
cracks appear at Imtels of windows and doors, as we l l as in corners of buildings. In 
spite of repairs, the cracks continue to grow, attaining nonpermissible dimensions. 

The second cause of deformations of buildings erected on frozen soils is the f ro s t -
heaving of soils of the active layer during freezing. This results in the heaving of the 
foimdation after the adfreezing of the foundation to the so i l . The frost-heaving of soils 
near buildings depends on the unequal distribution of load and on the non-imiform cool
ing of soi ls . A warmer thermal regime, even in winter, is observed on the side ex
posed to the sun. On the other sides, especially the northern one, a colder thermal 
regime is foimd. This results in an imeven heaving of the foundation, producing bend
ing, cracks, and other non-permissible deformations. To prevent these deformations, 
special measures are applied, such as placing the base of the foimdation in the perma
nently frozen soi l below the lower l i m i t of the active layer, decreasing the forces of 
adfreezing, and others. 

2. SPECIAL FEATURES OF ENGINEERING-GEOLOGIC INVESTIGATIONS 

In order to have sufficient data f o r selection of a method of construction on frozen 
soils ( i . e., either the method of leaving the frozen condition of the subsoils undisturbed, 
or the method which takes into account a gradual and possibly a prel iminary thawing of 
frozen soils), i t is necessary to know the englneerlng-geolo^cal and hydrogeologlcal 
conditions of the construction site and the properties of the subsoils. 

1̂7 
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The special problems of engineering-geological mvestigations m areas where there 
are thick masses of frozen soils are as fol lows: 

(a) The thermal regime of the soils should be investigated to a sufficient depth; 
(b) The physico-geological processes associated with the freezmg and thawing of 

the soils should be studied; 
(c) The strength properties of frozen and thawing soils should be specially investi

gated. 

The thermal regime of soils is studied in two ways: ( 1 ) Observation over a long 
period of time of so i l temperature at different depths, usually carr ied out by special 
observation stations or observation posts; ( 2 ) observations of short duration which are 
performed directly on the sites of proposed buildings. 

Short duration observations give data f o r determining the temperature of so i l only 
at considerable depths ( 1 5 to 2 0 m, 50 to 65 f t ) where the temperature is practically 
unchangeable (with variations up to 0 . 1 " C) in the course of the year. As a matter of 
fact, there are temperature fluctuations (centennial and millenial) at large depths, too, 
but these fluctuations are wi thm such a smal l range that they need not be considered 
during the practice of engineering-geological investigations. 

However, i t is very important to obtam precise data on temperature values at depths 
where the temperature fluctuates around the freezing point. Quite different methods of 
construction w i l l be selected in cases where frozen soils at the said depths have a tem
perature of the order of a few tenths of one degree Centigrade ( - 0 . 1 ° C to - 0 . 3 ' ' C , 3 1 . 8 2 ' 
to 3 . 4 6 ° F ) as compared to cases where the temperature of frozen soils is lower, e .g . , 
- I ' C ( 3 0 . 2 ' ' F ) or even -S'C ( 2 3 ° ^ . If the temperature of frozen soils is close to 0*C, 
i t is often hard to retain the undisturbed frozen condition of soils beneath a heated build
ing. Under lower temperatures, the thermal regime of soils is more stable and 
in practice i t w i l l be restored quickly enough after the removal of the disturbing 
factors. 

Measurements of ground temperature during observations of short duration are per
formed by special insert thermometers removable f r o m holes dr i l led without resort to 
washing. 

The second important characteristic in areas where there are thick masses of f r o 
zen soils IS the thickness of the active layer, which in areas of unfrozen soils is the 
depth of f ros t penetration. The thickness of the active layer can be approximately de
termined by digging test pits in the period of maximal thawing, which in areas of thick 
masses of frozen soils occurs in September-October. The depth of f ro s t penetration 
is determined by digging test pits in the sprmg, when only the top layer of so i l is thawed. 

The depth to which foundations reach depends on the thickness of the active layer, 
or on the depth of f ros t penetration. 

Data on hydrogeological conditions are also of the utmost importance f o r evaluation 
of the site of the planned structure. Professor Tolstikhm and other workers established 
that m areas of thick masses of frozen soils three types of underground water are to be 
distinguished: (a) ground water above the permafrost (suprapermafrost water), (b) 
ground water within the permafrost (intrapermafrost water), and (c) ground water be
low the permafrost (subpermafrost water). 

The regime of the water above the permafrost is of great Importance fo r the evalu
ation of the moisture content of soils m the active layer and for the establishment of the 
areas feeding icings (nalyeds) which are formed in wmter f r o m water forced to the 
surface under pressure. The mvestigation of the suprapermafrost water is carr ied 
out by means of periodical observations of its level m special test pits or in d r i l l holes 
with f i l t e r s . The observations should be made not less than four times a year, once 
each season. 

Ground water withm the permafrost is rather uncommon and occurs in frozen soils 
m the f o r m of separate veins and flows; m some cases they seriously interfere with 
deep excavation work. 

Groimd water below the permafrost usually occurs at a considerable depth; this 
water vs very pure and may serve as a source of water supply. The investigation of 
this water is carr ied out by means of deep dr i l l ing and test-pumping. 
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Physico-geological processes associated wi th freezing and thawing, and important 
in regard to construction practice, are as follows: frost-heavmg of soils, icing (nalyed) 
phenomena, thermokarst, and solif luction. In the course of engineermg-geologlcal 
mvestigations i t is Important to ascertain whether the investigated site of a planned 
structure is susceptible to frost-heaving; the heaving characteristics of the soils (with 
or without water inflow; whether frost-mounds are present; and their size and condi
tions of or ig in . 

In the middle European part of the USSR the height of frost-mounds is 10 to 20 cm 
(4 to 8 m . ) , but huge frost-mounds, attaining m places heights of 5 to 10 m (16 to 33 f t ) 
and more, appear under conditions of impervious frozen rocks and the restr ic t ion by 
wmter freezmg of the movement of ground water above the permafrost . In Yakutia, 
perennial frost-mounds (the so-called "bulgunnyakhi") are found on f lood plain meadows 
and m low places. The frost-mounds attain heights up to 40 m and every year, in the 
process of freezing, draw f r o m moist so i l new quantities of water which after freezing 
f o r m underground ice lenses. Sometimes, in the course of several decades, the feed
ing area of a perennial frost-mound becomes drained. Then the moimd enters the old-
age stage and is gradually destroyed, due to the thawing of ice lenses which come into 
contact wi th ra in and thawed water through f ros t cracks and other f issures. 

The second type of icing (nalyed) phenomena is represented by icing mounds that 
appear due to the pressure of suprapermafrost water when its channel decreases be
cause of the freezmg of the soi l f r o m above. Usually these mounds grow intensely; 
then, imder the pressure of water they produce cracks, sometimes accompanied by 
explo£:ions s imi lar to gunfire. Water pours out f r o m the cracks, sometimes in an 
enormous amount. Then the freezmg water forms groimd icing. In Siberia, m the 
Far North and in the East, m places huge icings (nalyeds) occur contaming voluminous 
amounts of ice and stretching fo r several kilometers (49). These nalyeds interfere 
seriously with road and a i r f i e ld construction. 

Soviet scientists and engineers worked out an effective method of combating the 
nalyeds through use of the so-called freezing belts, which w i l l be described fur ther . 
The design of freezmg belts requires data on the movement of water above the perma
f ros t , as we l l as on the area and sources of feeding of the icing; these data are col 
lected during the engineering-geological investigations. 

The thermokarst phenomenon is associated with the process of thawing of ground-
ice, resultmg in the formation of sink-holes. According to S. P. Kachurin's investi
gations, this phenomenon occurs most widely m Siberia, and particularly in Yakutia. 

During engmeermg-geological investigations, a l l thermokarst depressions, thermo
karst lakes and other features should be noted. Detailed studies of a thermokarst area 
should include the contourmg of ground-ice (e .g . , by means of geophysical methods of 
electrical prospectmg), the determination of the size of each mass of ground-ice, and 
the determmation of its f o r m (lense-like, wedge-like, e tc . ) . 

The solifluction phenomenon, also, is associated with the thawing process. Soli
fluction refers to a slow downslope movement of thawed soils. Usually i t occurs when 
topsoil and soi l of the active layer are water-saturated and are underlain by frozen 
deposits or bedrock. 

A l l of the previously described phenomena should be noted and mapped. 
As a mmimum, special mvestigations of the strength properties of frozen and thaw

ing soils should include the following tests: (1) Establishment of the simplest physical 
characteristics of frozen soils; (2) Determination of cohesive forces of frozen soils; 
(3) Investigation of the settlement of frozen soils after thawing. These investigations 
are carr ied out in special test pits fo r each characteristic type of so i l . Detailed i n 
vestigations of strength properties of frozen and thawmg soils are performed by spe
cialized exploration organizations accordmg to a special program. 

The following simplest physical properties of frozen soils must be determined under 
f i e ld conditions: (1) The bulk density of undisturbed frozen so i l Y (on samples taken 
f r o m test pits or on cores obtamed f r o m core bormgs dr i l led without washing); (2) the 
total moisture (ice) content of soi l , w. ; and (3) moisture due to ice mclusions. In ad
dition, samples are taken for later determination m the laboratory of the relative ice 
content, i ^ , or of the amovmt of unfrozen water m soi l , w^^^ and of the specific gravity of 
soi l g . 
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The determination of cohesive forces is performed in deep test pits imder the natural 
temperature of frozen soils or in special subterranean laboratories on monoliths of 
frozen soils by the method of the bal l penetration test (78). Observations of the pene
tration of the ball plunger start immediately after the load application (in 5 or 10 sec
onds), then are made several times at equal intervals (for example, every 10 minutes 
during 30 minutes or during one hour), and f inal ly at 8 hours after the beginning of 
loading. Tt was shown in the previous chapter that the data obtained make i t possible 
to compute the instantaneous and continuous cohesion of frozen soils and on the basis 
of these values to determine the ultimate load which can be applied to frozen soils 
under conditions of constant subfreezing temperature. 

Investigation by means of the ball penetration test is the simplest test of strength 
properties of frozen soils; i t is recommended that this test be performed in a l l engi
neering-geological investigations of frozen soi ls . 

The amount of settlement of frozen soils after thawing is an important indicator of 
their properties in regard to performance as bases beneath buildings. 

As a minimum, during engineering-geological investigations, i t is necessary to 
determine the reduced coefficient of thawing, Ao, for characteristic types of soils by 
means of experimental thawing of a frozen soi l without loading ( i . e., p = 0 ) . 

If we neglect the weight of the so i l i tself, which is permissible fo r a smal l (of the 
order of several tens of centimeters) depth of uniform thawing, then we obtain: S ^ Aoh 
f r o m which the adjusted coefficient of thawing w i l l be found to equal the relative settle
ment of so i l after its thawing without load application; e .g . , 

Ao ^ 4 (6.1) 

where S denotes the total settlement of thawed soi l and h denotes the depth of thawing 
of the so i l . 

In more detailed investigations both coefficients are determined: A | ^ , the coef f i 
cient of thawing; and a-fh . the coefficient of consolidation of soi l durmg thawing. This 
is done by testing several pairs of samples of each type of frozen so i l under different 
pressures, p i and pa. 

The coefficients are computed f r o m the equations (71); 

Ae2 - A e i 
* T h = (6.2) 

P2 - p i 

and 
A j ^ = A e . - a ^ p , (6.3) 

At the present t ime, however, a s impl i f ied method of determining the reduced coeff i 
cient of thawing, Ao, and of the modulus of volume change, m y(i<h)' ^ usually em
ployed. This method Involves the testing of thawmg monoliths of frozen soils 
under a small load applied to the plunger of the compression apparatus (of the order 
p =0 .1 kg/cm') and the subsequent consolidation testing (imder a load p = 1 kg/cm*) of 
the thawed so i l (57). 

Then 

A O - j j - = € o . 1 (6. 1) 

and 

m „ , ^ . = (6.4) MTh)~ 0.9 

where «o. i and €i are relative deformations (strains) of a thawing and thawed soi l 
imder pressures of 0 .1 and 1 kg/cm' . Also, an approximate method is used f o r the 
determination of the relative settlement after thawing on the basis of the simplest 
physical characteristics of the soils (25). 
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For example, according to M . F . Kiselev (25) the settlement of sandy soils after 
thawing is 

' ^ s u n - ^ s f _ 
Y 
'sun 

where Ygf and Ysun denote, respectively, the density of solid particles of undisturbed 
frozen soi l and that of thawed soi l in a compacted state. 

Let us note in conclusion that due to non-homogeneity of frozen soils, the experi
mental thawmg of soils in the f i e l d is preferable for a more accurate estimation of 
their settlement on thawing. 

3. SELECTION OF DESIGN METHOD FOR FOUNDATIONS 

The data on the previously listed characteristics of frozen soils give a basis fo r 
selecting a method of construction on frozen soils and fo r the design of fotmdations. 
The selection of a method of construction depends on such factors as whether the build
ing w i l l be erected on a thick sequence of frozen soils having a steady thermal regime 
or on frozen soils of a small thickness; on the composition of the soils (whether coarse
grained soils, or f inely dispersed clayey soils); on the ice content of the soils; and so 
on. The structural type of the building is also of importance. 

At present the foUowing three prmcipal methods of construction are distinguished: 
(1) The method of preserving the frozen condition of so i l bases; (2) the method of taking 
into account the gradual thawing of bases (structural design method); and (3) the method 
of pre-construction thawing. 

The method of preserving the frozen condition of bases is expedient i f the mass of 
frozen soils is sufficiently thick (15 to 20 m, or 49 to 65 f t , and more), and especially 
i f the thermal regime of the frozen soils is stable, if the building is heated only up to 
a normal indoor temperature, and tf its horizontal dimensions are not too large. 

I t is advisable to apply this method to the construction of a l l dwellings and public 
buildings, as we l l as to most industrial structures. The composition of frozen soils, 
and their ice content, is not significant m selecting the type of foundation. This method 
is of a universal character and, i f r ight ly applied, permits safe erection of buildings 
on any frozen so i l . Trouble appears only in cases of buildings which generate a con
siderable amoimt of heat (certain workshops, steam bath-houses, etc.) and occupy 
large areas, wi th lengths of the order of tens of meters. Then expensive installations 
are needed to preserve the subsoils in a frozen condition. 

The method of leaving undisturbed the frozen condition of bases was already widely 
used in construction of many c i v i l , public, and industrial structures, even in the con
struction of whole towns. When correctly applied, this method is fuUy just i f ied in 
practice. For example, the f i r s t Industrial structure — a large electric power plant, 
which was designed with the author as consultant and according to his methods of com
putations based on the principle of the preservation of the frozen state of subsoils — has 
been in existence fo r more than 20 years without any unpermissible deformations, and 
the frozen state of the soils has increased. 

The structural design method ( i . e., the method of the adjustment of the design of 
foundations and of the building to the different ial settlement of so i l bases after their 
thawing) is applied in cases when the thermal regime of frozen soils on the site of a 
planned construction is unstable, where the structure w i l l generate a considerable 
amount of heat, and where soils are characterized by their small settlement after 
thawing. In the erection of structures by this method i t is necessary to consider d i f 
ferential settlement of soils after thawing; i t can be estimated on the basis of the compress
ib i l i ty characteristics of thawing soils, Ao and my(>p)j). 

Computations demonstrate that the structural design method can be applied only to 
the construction of buildings on sandy, gravelly, and other coarse-grained soils which 
after thawing consolidate, but are not squeezed out f r o m beneath the base of foundations, 
as is the case when structures are erected on thawing ice-saturated clayey soi ls . Spe
cia l computations are needed when foimdations are designed f o r structures planned to 
be built by the described method. These computations should consider the differential 
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settlement after thawing and the redistribution of pressure along the base of the founda
tions. The structural design method has been l i t t le used m construction practice so 
f a r . 

The method of preliminary thawmg before the start of construction is insufficiently 
worked out. I t can be applied mainly ui cases of thm layers of frozen soils beneath 
the base of the structure; f o r example, i f r i g i d bedrock lies at an accessible depth, or 
if frozen soils occur in large island-like lenses and are characterized by kn unstable 
thermal regime. 

If the thickness of frozen soils under the base of the foimdation is found to be 5 to 7 
7 m (16 to 23 f t ) or somewhat larger, the prel immary thawing of soils may turn out to 
be economically profitable. In this case structures should be built as i f on unfrozen 
soils, but takmg into consideration the possibility of deep f ros t penetration. 

Finally, the method of prel iminary thawing may turn out to be the only acceptable 
method, although an expensive and time-consuming one. This may happen i f , because 
of some technical consideration, the frozen state of the suboils cannot be maintained, 
and i f thawing during the use of the structure cannot be permitted due to a high ice-con
tent of the so i l which may cause inadmissible settlements. 

In the construction of buildmgs, the method of prel iminary thawing should be used 
to produce stabilization of the so i l after thawing, especially in the case of clayey ice-
saturated soils . Mechanical, electrochemical and chemical methods of so i l stabiliza
tion may be used, as we l l as so i l compaction piles, and other methods (91). 

Hence, the method of the design of the foundation and of the erection of the building 
is selected dependmg on the thermal regime of the frozen subsoils, on engineering-
geological conditions of their bedding, on the properties of the soils m the frozen and 
in the thawed states, and on the indoor temperature and structural characteristics of 
the planned building. 

4. ENGINEERING PREPARATION OF THE CONSTRUCTION SITE 

In construction practice on frozen soils, a prel immary, even i f simple, engineering 
preparation of the site of construction is of the utmost importance. 

The preparation includes the following principal measures: 

(a) Clearing of the area and preparation of approach roads; 
(b) Measures against the frost-heaving of soils; and 
(c) Prevention of icing. 

Selection of measures fo r the engineering preparation of the construction site depends 
both on the natural conditions of the area and on the method of construction selected on 
the basis of engineering-geological investigations. The last factor is of special i m 
portance fo r the in i t i a l measures of clearmg the t e r r i to ry and the construction of ap
proach roads. 

If the structure is planned to be built by the method of mamtaining the frozen state 
of the subsoils, the clearing work should proceed with care in regard to the vegetative 
cover (trees and shrubs), which should be destroyed only in places that w i l l be directly 
occupied by structures. As f a r as possible, trees and shrubs should be lef t elsewhere 
and sanctuary zones should be established f o r them. 

In laying out the roads to the construction site, i t is recommended to f e l l trees as 
low as possible, not to root out the stumps, and to leave undisturbed the moss cover 
and, i f possible, also the grass cover. Di locations where the sod and moss are ac
cidentally removed, a layer of moss should be spread. Hie grade should be placed 
exclusively on fUl s , and soi l should be put directly on the moss cover and the sod. 
Drainage ditches should be deepened to correspond to the depth of thawing of the soi ls . 
The described method of road construction is economical and permits rapid construc
tion of a road without disturbmg the thermal regime of the soils . Roads in cuts should 
be avoided, because very complicated measures of combatting the ground water must 
be applied in such places, and i t is possible that, due to thawing, the subgrade w i l l be 
transformed into a semi-l iquid mass. 

Af te r the roads to the construction site are built and the t e r r i to ry is cleared f r o m 
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fallen trees and brush, the work on measures fo r the general drainage of the t e r r i to ry 
should start . 

Drainage of the construction site is the principal measure of preventing possible 
frost-heaving of the soils . 

Dramage is generally accomplished by the following procedures: use of open ditches, 
regulation of creeks and streams, stabilization of gullies, and local leveling off of the 
t e r r i to ry f o r unobstructed runoff of f lash rainwater. In many cases, installation of 
special drainage is necessary. ^ 

Where thick masses of frozen soils occur, dramage has its peculiar features: f r ee -
draining material (gravel, rock fragments, etc.) is used to f i l l the entire drain (Fig . 
20), the cross-section of which is increased as the thawing of soils progresses. Both 
open drains and drams closed by a heat-insulatmg cover are used. L A . Tyutyunov pro

posed applymg in some cases (when water-
saturated si l ty soils are present) the so-
called frosty dramage (Fig. 21). This acts 
mtermittently and is based on utilization 
of the process of moisture migration, 
which always proceeds towards the f ros t 
l ine. By f i l l i n g up the drains with heat-
conduting stony material , favorable con
ditions are created f o r ice formation there. 

Figure 2 0 . Drainage ditch f i l l e d with 
gravel when underlying layer of frozen 
s o i l s i s present: ( l ) heat-lnsulatlng 
cover, ( 2 ) gravel, ( 3 ) drain, (h) frozen 

s o i l , ( 5 ) timber sheet. 

In summer these drams should be open, 
so that ice w i l l be removed by thawing. 
However the action of f rosty dramage pig^e 2 1 . "Frosty" drainage ditch: ( l ) 
s t i l l needs checkmg by the experience of ^^^^^ of material having high heat 
engmeermg practice. conductivity, ( 2 ) stones, ( 3 ) drain, (h) 

Dramage of soils of the active layer m frozen soU. 
a l l cases results m decreasmg the inten
sity of moisture migration and soi l swel l -
mg, and consequently diminishes the magnitude of the forces of frost-heavmg resulting 
f r o m these phenomena. 

Measures against icmg (nalyeds) consist of the mstallation of freezmg belts, which 
block the flow of ground water feedmg the icing (nalyed). The construction of freezing 
belts m regions with a thin snow cover, as proposed by the geophysicist, V. G. Petrov, 
mvolves the following measures: In summer a ditch is dug across the direction of sub
surface water flow (Fig . 22), the depth of the ditch being 1.5 to 2m (5 to 6.5 f t ) . On 
the side f r o m which the water f lows, the ground surface along the ditch is cleared in 
a s t r ip 5 to 10 m (16 to 33 f t ) wide. In winter the so i l in the ditch is the f i r s t to freeze 
and the seasonal f rost penetration soon reaches the mass of perennially-frozen soils . 
In this way, an impervious durable underground barrier of frozen soi l is created. This 
barr ier is sufficiently wide, due to the fact that the s t r ip of land adjoining the ditch, 
f r o m which the vegetation has been removed, also freezed faster than the surrounding 
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Figure 22. Antl-lclng belt: ( l ) ditch with -berm from 
Mhlch vegetation has heen removed, (2) Icing (nalyed), (3) 
drainage ditch with heat-lnsiaatlng cover, (k) place where 

nalyed (Icing) mounds fonnerly had heen formed. 

ground. A l l these measures intercept the groimdwater flow in the direction of the area 
protected by the freezing belt, and the icing (nalyeds) form somewhere on the other 
side of the belt. 

These measures have proved to be very effective in engineering practice (48, 13). 
However, i t should be kept in mind that certain maintenance work, consisting of annual 
summer clearing of ditches and berms, is needed. 

Application of the described measures makes it possible to create conditions favor
able enough for the erection of structures in any designated area, thus certainly saving 
considerable funds. 



Chapter 7 

P R I N C I P L E S O F FOUNDATION D E S I G N B Y T H E 

M E T H O D O F R E T A I N I N G T H E F R O Z E N 

CONDITION O F B A S E S O I L S 

1. INTRODUCTORY REMARKS 
In this chapter we shall consider only the principles of foundation design and of the 

computations involved. We shall also dwell on some concepts that wi l l help engineers 
to avoid the errors which usually happen in construction practice on frozen soils. 

The method of retaining the frozen state of soil bases completely excludes any thaw
ing of frozen soils beneath the structures. When this method is employed, foundations 
may be built on any frozen soil. A foundation should be anchored in perennially frozen 
soil, which is a reliable measure against frost-heaving of concrete and wooden founda
tions. . 

As demonstrated by experience and by the theory of the problem, foundations with 
an air space between the lower floor of the building and the top of the foundation, the 
air space being ventilated in winter, present the most reliable type of foundations. 

The method of utilizing a ventilated air space in structures erected on frozen soils 
has been known for a long time and was found by builders after many unsuccessful trials. 
For example, some ancient buildings (voyevoda's house and monastery in Takutia) and 
some modem engineering structures of the beginning of this century un the Chita dis
trict), in which ventilated air spaces were provided, have been preserved to date with
out any special deformations. 

The method of construction on frozen soils with the installation in buildings of an 
air space ventilated in winter, was f i rs t described in 1916 by Professor V. Statsenko 
(59), who considered four methods of building foundations on frozen soils. However, 
three methods present solutions for particular cases and may be employed under cer
tain limited conditions only; for example, the placing of foundations on gravelly f i l l 
may be a l l i e d just to the construction of narrow structures. Only the last, or fourth, 
method (i. e., the use of a ventilated air space) has been demonstrated by later studies 
of this problem (65) to be a model of a general solution, found in an empirical way. 

The type of foundation mentioned by Professor V. S^tsenko is shown in Figure 23. 
Referring to this type of foundation. Professor Statsenko writes in an Appendix to his 
book (59): "A structure of this design wiU not cause the heating of underlying soils, 
but on the contrary, wi l l contribute to a rise of the upper boundary of the permafrost, 
because the air space wi l l be cold and protected by the structure as i f by an umbreUa: 
in summer from the sun's rays and in winter from the snow cover which protects the 
soU from freezing. This method was employed, for example, in the construction of 
the Chita radio station and the engineering depot." 

It should be mentioned that no engineering computations are presented in Professor 
Statsenko's work. 

The theoretical basis and principles of computations related to the method of erec
tion of structures on frozen soils without disturbance of their thermal regime were 
worked out twelve years layer, in 1928, in connection with the design and construction 
of the Petrovsky-Transbaikalian Metallurgical Plant, erected on frozen soils (65, 67). 

55 
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Figure 23. Design of foundations for structvires erected on frozen s o i l s , using the 
method of retaining the frozen state of the s o l i . (After V. Statsenko) 

At present this method is universally adopted and, as previously mentioned, was em
ployed in the building of many structures and of whole towns (Norilsk and others). 

2, THERMAL INTERACTION BETWEEN STRUCTURES AND 
FROZEN SOILS OF THE BASE 

Let us present graphically a structure having a temperature always above freezing 
(e.g., 20°C, 6 8 ° F ) and erected on a thick mass of frozen soils (Fig. 24). Consideration 
of the thermal interaction of the structure and of the mass of frozen soils presents a 
very complicated problem, because heat lost by the structure wi l l be spread in space, 
absorbed by the surface of the frozen soils, and dissipated in them. The mathematical 
solution of this problem requires not only the application of complicated methods of 
advanced mathematics, but in many cases also the utilization of calculating machines 
such as h3rdrointegrators, electrointegrators, computing machines, and so on. 

-n \ 

Figure 2k. Diagram of heat flow from a heated structure toward the mass of frozen s o l i . 

The interaction between the heated structure and the frozen soU may be schematical
ly outlined as follows: heat, lost by the structure along the surface of its contact with 
soil, wUl be spread by flow lines of curvilinear shape (see Fig. 24). Lines of equal 
temperatures, perpendicular to the flow Unes, also wUl be curvilinear, including the 
boundary of thawing. In the beginning the movement of heat is unsteady, but gradually 
a state of equilibrium with the thermal regime of the frozen soils wi l l be reached. 

If the structure's area is sufficiently large, then, by neglecting the losses of heat 
to the sides, with a certain ^ rox ima t ion the steady movement of heat in the central 
portion of the heated soil mass may be considered as taking place according to a linear 
problem, well described by what is known in physics as Fourier's postulate. 

It is known that the amount of the heat gained or lost, under a condition of steady 
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state of heat movement, is expressed by the equation: 

Q = ^ ^ ^ t (7.1) 

where Q is the amount of heat (in calories), T denotes the temperature inside the 
structure, denotes the temperature of the frozen soils (the mean Centigrade tem
perature is taken with the appropriate sign), Rf denotes the thermal resistance of the 
floor of the structure (sq m x hour x degrees/k cal. )andtis time (in hours). 

According to Eq. 7.1 the amount of heat obtained by the frozen soil from the struc
ture (without consideration of the heat losses towards the sides; 1. e., the maximum 
possible amount) is proportional to the difference of the temperatures, T - Tn. The ' 
higher the temperature indoors, T, the larger is the amount of heat which wiU be 
transferred to the soil, because the temperature of the frozen soil, - Tn, wi l l change 
insignificantly in the course of time, if the frozen state of the soil is retained. Heat-
producing industrial installations, steam bath-houses, and similar structures wi l l 
much more intensely influence changes of the thermal regime of soil bases, even 
causing thawing, as compared to living quarters where a usual indoor temperature is 
maintained, and, even more so, as compared to structures with a low temperature 
above freezing (stores, warehouses, and so on). Therefore, the retention of the frozen 
state of soils under structures with high temperatures is much more complicated and 
requires additional measures. It is clear from the foregoing discussion that, although 
the possibility exists of regulating the amount of heat flow from the structure to the 
frozen soil, i t is limited by certain conditions of the operation of structures. 

Eq. 7.1 also shows that the higher the thermal resistance (insulation) of the struc
ture's floor, the smaller the amount of heat that wi l l penetrate into the soil. By i n 
creasing insulation, i t is possible to decrease the heat flow into the soil considerably. 
However, there are certain limits here, because the usual thermal resistance of floors, 
as is known from thermotechnics, is measured by values of the order of 1 to 4 sq m 
x hour x degrees/k cal. When a larger thermal resistance is needed, expensive i n 
sulating materials must be used, or a very thick floor made of the usual material must 
be designed, which is not practical. Hence, only a limited control of the heat flow is 
possible by means of the insulation of floors and foundations. In principle, the insula
tion does not protect frozen soils from thawing because a certain (even i f small) amoimt 
continuously penetrates into the soU, and the time, t, is an independent variable. Even 
with heavy insulation, the thawing of frozen subsoils wi l l occur anyway, although in 
the course of a longer period of time. 

Consideration of general conditions of the thermal interaction between structures 
and frozen soil bases leads to the conclusion that i t is very difficult and often impossible 
to retain the undisturbed frozen state of the soils, after erection of heated structures 
on them, just by insulating the floor of the structures, without diverting the heat flow 
from the structures. The only exception is presented by structures erected in a very 
cold climate and occupying a small floor space. Here the heat flow from the structure 
toward the frozen subsoil is balanced by the heat losses to the sides occurring in por
tions of the structure imbedded in the frozen soU. The size of the floor area which 
makes this process possible depends on the outside temperature and on construction 
features of the structure. 

The foregoing discussion makes i t clear that the only way to secure retention of 
the frozen state of soil bases is complete diversion of the heat flowing f rom the floor 
of the structure toward the frozen soil. 

Tn the erection of structures by retaining the frozen state of soil bases, heat diver
sion is accomplished by the following methods based on sound theoretical considera
tions and justified by engineering experience: 

(1) An air space connected in winter to the outside is left between the floor and the 
ground. 

(2) Underground refrigeration installations (a system of cooling pipes, channels) 
are used. 
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As has been indicated, the f i rs t method is now universally applied. It is based on 
utilization of the conditions of the natural environment, although the recommendation 
that in winter the air space below the floor should be ventilated contradicts the con
ventional opinion that, as a rule, the space between the floor and the ground under usu
al conditions should be insulated In order to protect buildings from cooling in winter. 
However, in the cases discussed, just the opposite measures should be taken: the air 
space below the floor should not be Insulated, but in winter should be cooled by .opening 
all the vents, apertures, and so on. The floors, of course, should be properly insula
ted and should be airtight. 

The f i r s t method—installation of a continuous air space connected to the outside in 
winter—excludes placing floors on the ground. Sometimes, however, this is difficult 
to accomplish in industrial structures with considerable loads. Then i t is necessary to 
employ the second method—application of underground cooling installations ^pes, 
chaimels, etc.). In principle this is the same method, but i t requires another design 
and other calculations and techniques of construction. The method of underground cool
ing installations also is applied in the construction of living quarters and public build
ings, but is not as widely accepted as the f i r s t method. 

3. DESIGN OF A VENTILATED AIR SPACE BELOW A FLOOR 
The f i rs t method-installation of an air space below the floor connected to the outside 

in winter in order to retain the frozen state of the subsoils-requires special construc
tion of the building foundation. The building or structure is erected on individual foot
ings (Fig. 25) to secure an air space between the floor and the ground. In winter the 
ventilation may be accomplished either by leaving the air space open from all sides, 
or by construction of a basement wall having a number of air vents. 

For designing the f i r s t type of construction the height of the air space should be de
termined; for the second type, the area of the air vents in the wall. 

The following describes an approximate method of design computations referring to 
the air space between the floor and the ground connected to the outside in winter. It 
has been shown by later investigations and by observations in the field that this method 
provides a factor of safety: when this method is employed, the soil base does not thaw 
under the air space, but, on the contrary, a part freezes with time, and the depth of 
the summer thawing of soils under the air space has proved to be smaller than that of 
frozen soils in the open. The air space may be left open in summer also, because, due 
to the protection from the sun, the temperature there is lower than in the open air. 

Let us make the following assumptions: 
(1) A l l the heat flowing from the floor of the structure should be diverted outward 

through the ventilated air space. 

ho 

T " 

Figure 25. Design of a i r space between floor and ground connected to outside In winter. 
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(2) There is absolutely no movement of air around the structure; i . e., there is no 
wind which would facilitate ventilation of the air space. 

(3) Loss of heat through the side walls of the air space is neglected. 
Al l these assumptions contribute to the factor of safety. For example, in order 

to retain the frozen state of the soil bases, i t is not necessary to divert the heat flowing 
from the floor, but only that part of i t which represents an addition to the heat obtained 
under natural conditions. The wind around the structure should create an additional 
pressure and facilitate the ventilation of the air space. Finally, a certain amount of 
heat wi l l be lost by the side walls of the air space, which also increases the factor of 
safety. 

Observations have shown that the foregoing assumptions do not contribute too much 
to the factor of safety in the balance of heat. However, the air spaces designed by 
the approximate method outtined subsequenUy guarantee the retention of the frozen 
state of soil bases. 

It should be noted that in the course of recent years many questions related to the 
design computations of air spaces below the floor and to the losses of heat by pipes 
have been further developed and worked out in detaU by Yu. V. Porkhaev, A. G. 
Kolesnikov, and others. 

Let us introduce the following symbols: 
T = temperature inside the structure (see Fig. 25); 
Tf. = temperature of the surface of the ceiling of the air space; 
T^ = temperature of the outside air; 
Rf = thermal resistance of the floor of the structure; 
t = time. 

The value of Rf is found from the equation: 

Rf = Kju " ^ + Kq (sq m X hour x degrees/k cal) 

where Kin is the coefficient of heat transfer from the inside of the structure to the floor As
sumed = 0.2); Ko is the coefficient of heat transfer from the floor surface (the ceiling 
of the air space) to the outside air (usually assumed = 0.05); hf is the thickness of 
individual layers of the floor construction; k is the coefficient of thermal conductivity 
of the material of the layers of the floor construction (k cal/sq m x degrees x hour). 

Computations have shown that in living quarters Rf = l t o l . 5 s q m x hour x degree/ 
k cal. However, under severe climatic conditions, in structures erected on frozen 
soils with the installation of an air space below the floor, the floors are insulated to 
a higher degree and are made airtight. Under these conditions Rf = 2 to 3, and some
times a UtUe higher. 

The amount of heat flowing from the floor of the structure, under the above as
sumptions, equals: 

T - T 
Q 5 cal/hr (a) 

^ f 
where T „ is the mean temperature of the air space which can be taken to equal m 

T + T 
T _ . . - ^ (b) 

where 
(T - T )K 

Tc = — 

Substituting Eq. (c) in Eq. (b), gives Tm, the mean temperature of the air In the air 
space below the floor. 

The temperature of the outside air, Ta, is taken from meteorological records. For 
the computations the mean temperature of the coldest month is taken. 
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The volume of air that must be diverted outward from the air space is determined 
from the equation (68, 67): 

2 Q (1 + aT ) 
^ = 0.31 (T - T ) A '̂̂ ^ c a 

Here a (= 1/273) is the coefficient of the expansion of air; A is the area of heat transfer 
of the whole air space below the floor. 

If Aa denotes the total area of all air vents in the air space, the velocity of the air 
movement through the vents wi l l be 

v = ; ^ m/hr* (e) 

The required temperature velocity head in ventilation apertures can be determined 
from the known Toricelll equation: 

where v denotes the velocity of the air movement through the vents; "V Tm denotes the 
1 293 

specific weight of moving air at the temperature T ^ , whereas T =^'^ t / 273 ' P 
the coefficient of contraction of the air current in the vent (usually assumed = 0.65); 
and g is the acceleration due to gravity. 

If in Eq. (f) the velocity of the air movement, v, is expressed in m/sec, and the 
specific weight of air, "Y Xm> in kg/m*, the head wil l be expressed in kg/m or in mm 
of the barometric mercury column. 

If one assumes that the neutral zone of the air movement in the air space and in the 
air vents lies at their mid-heights, the temperature head resulting from the difference 
in the weights of air equals: 

« A = 0 - 5 \ ^ a - ^ T m ) 

where h^ is the height of the air vents or the height of the air space below a floor open 
from aU sides. 

The head lost in the ventilation apertures, expressed in millimeters of the baro
metric mercury colunui, should be less than the temperature head present. 

Hence, the final form of the equation is as follows: 

^ J p < I (VTa-^Tm) (^-2) 

Thus, selecting a tentative height of the air space and areas of the side air vents 
(or, more precisely, by selecting a tentative value of h^), Eq. 7.2 is used to check the 
correctness of these values. 

Computations have shown that the cross-sectional areas of the side air vents depend 
on the outside temperature, as well as on the inside temperature, and usually are mea
sured in values from a few thousandths up to a few hundredths parts of the total floor 
area of the structure. This means that sometimes the presence of small air vents 
suffices to secure the frozen state of the subsoils. In some cases, however, (kilns, 
steam bath-houses and similar structures) the natural temperature head wil l not be 
sufficient; then draft Intenslfiers should be used. For example, the air space can be 
connected with vertical pipes Installed inside the heated structure, thus greatly i n 
creasing the draft of cold air through the space below the floor. For reasons having 
to do with construction, the height of the air space below the floor has been taken at 
not less than 0.5 m (1.6 f t ) . In the course of recent years, on the basis of construction 

«To convert m/hr into m/sec, divide the value obtained by 3,60O. 
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experience in the town of Norilsk, the air space has been designed with a height of 1 
m (3.28 f t ) to facilitate installation of and control over water pipes, steam pipes, and 
other utiUties. 

Let us note in conclusion that experience in the construction of individual structures 
and of whole towns (Yakutsk, Norilsk, and others) fully confirmed the applicability of 
the previously cited computations and of the proposed design of foundations with an 
air space below the floor for the purpose of retaining the frozen state of the subsoils. 
It should be mentioned that recently Yu. V. Porkhaev and others worked out new more 
accurate and improved methods of design computations of the air space below the floor 
connected to the outside. These methods take into account the influence of wind, of 
heat losses to the sides, and of other factors on the air space ventilation. 

After the general conditions required to retain the frozen state of soil bases are ex-
tablished by design computations, i t is necessary to check that thawing of soils does not 
take place beneath individual footings. This may occur, inasmuch as concrete is a much 
better heat conductor than soils, especially frozen soils. 

As a rule, individual footings are laid deeper than the line of the maximum thawing 
of subsoils, not less than 1 to 1.5 m (3.3 to 4.9 f t ) and a minimum of 0.5 m (1.6 f t ) . 

In cases where the cross-sectional width of an individual column footing (Fig. 26) 
is several times smaller than its height, G. S. Shadrin (21) has proposed using the 
solution for an infinitely long rod to check the temperature of the base of the footing: 

in which 
= T _ e z m 

-zc 

yinr 
"" k A 

(7.3) 

(7.3^) 

const 

and T^ denotes the temperature along the rod axis at the depth z; T „ denotes the mean 
temperature (= T - T^); e = 2. 73 is the base of natural logarithms; K is the coefficient 
of heat transfer from the surface of the rod to the air (under low wind velocity K can 

be considered to be = 10 cal/m x hour x 
degrees); u denotes the perimeter of the 
rod cross-section; k denotes the coefficient 
of thermal conductivity of the material of 
the rod; and A denotes the cross-sectional 
area of the rod. 

Computations have shown that in winter, 
due to considerable cooling from the sides, 
the heat flow in individual column footings 
quickly dissipates and often does not reach 
the surface of the frozen soil. 

The use of underground cooling pipes 
or tubes should be based on special design 
computations for determining the amount 
of heat they wi l l divert from the surrounding 
soil. This value wi l l depend on the tem
perature of the outside air passing through 
the pipes, on the air velocity, and on the 
design and depth of laying of refrigerative 
installations. For example, the experience 
of Dalstroy showed that 1 cu m of air pass

ing through underground pipes removed only 2 to 3 cal/m^, an insignificant amount. 
This makes i t necessary to install forced ventilation, natural or artificial. The f i r s t 
utilizes the temperature head developed when underground pipes are connected with 
vertical pipes installed inside heated structures; the latter is accomplished by the use 
of suitable fans. 

Figure 26. ABBumptlons for computation of 
a column footing as a rod cooled from a n 

sides. 

4. GENERAL DIRECTIVES FOR FOUNDATION DESIGN 
Foundations of structures erected by the method of retention of the frozen state of 
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subsoils have special characteristics which are very Important for the success of the 
construction. 

Computations have shown that raft foundations and wall footings are disadvantageous 
because they conduct more heat in comparison with spread footings, and are less re
sistant to the forces of frost-heaving because i t is harder to anchor them in the frozen 
soils. 

Therefore, in construction practice when employing the method of retention of the 
frozen state of the subsoils, individual column footings are used which are tied at their 
tops by spandrel beams and which have their bases imbedded to a certain depth in 
permanently frozen, not thawing, soils. Installation of an air space connected in winter 
to the outside, and the indicated foundation type, insure the undisturbed frozen state of 
the subsoils. 

However, i f column footings have large areas (e. g., foundations under boilers, tur
bogenerators, sawmlU machines, etc.), special measures should be taken to retain 
the frozen state of the soils beneath these footings. Footings with large base areas, 
situated inside a heated structure, may become a source of local disturbance of the 
thermal regime of subsoils and cause their local thawing. To avoid this, i t is neces
sary to provide these footings with air holes, or to install cooling pipes in them; 1. e., 
to divert the superfluous heat. 

An especially significant disturbance of the thermal regime of soil bases may be 
caused by a defective installation of various utilities, such as water and steam pipes, 
which may serve as a source of local heating of soils. To avoid this, i t is recommend
ed that all inlets and outlets of water and steam pipes be installed by means of sus
pension hangers attached to the ceiling of the air space below the floor. Pipes should 
be brought to buildings in special boxes placed on ventilated supports; they can be put 
in the soil at a distance of several meters from the perimeter of the building. It is 
recommended that special tubes (utiUdors, Fig. 27) be used for laying water and steam 

Figure 27, Design of utllldors for pipes In frozen s o i l s , showing: (a) box, (b) c i r 
cular, (c) seml-clrcular, and (d) parabolic sections; ( l ) water pipe, (2) steam pipe, 

(3) sewer, (4) condensate l i n e . 
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pipes in the soil around buildings. Placing them in the same tube facilitates control 
and maintenance, and the presence of steam pipes helps to prevent the freezing of the 
water supply and sewer systems. 

This system was worked out in Norilsk, but in recent years has also been applied 
abroad in construction on frozen soils (14). 

It should also be noted that different kinds of warm water should be collected and 
canalized in special insulated troughs placed on a ventilated platform. 

Figure 28 is a schematic diagram of the design of an individual column footing used 
in construction employing the principle of leaving undisturbed the frozen state of the 
soil bases. 

Usually these footings are designed as an 
assembly of prefabricated reinforced con
crete elements. The base slab is placed 
on the prepared soil base, which had been 
leveled and covered with a layer of 5 to 10 
cm (2 to 4 in . ) of moist and compacted 
sand, which freezes quickly; then a pre-
case column is placed on i t and their con
nection is concreted. 

Good results were recentiy obtained 
from the application of the system of rein
forced concrete footing columns placed in 
holes that had already been drilled or pre-
thawed by steam (79). * This system of 
foundations makes It possible to apply 
mechanization in construction work instead 
of expensive excavating in frozen soils. 

It should also be indicated which ma
terials are recommended for foundations 
placed on frozen soils. The process of 
freezing of soils of the active layer re
sults in the appearance of considerable 
forces of frost heaving. If foundations are 
imbedded in frozen soils, these forces in 
duce tensUe stresses in the foundations. 
Therefore, materials characterized by a 

low tensile strength (masonry and brick) cannot be used for foundations on frozen soils. 
Here reinforced concrete, especiaUy prefabricated concrete, has come into general 
use; timber also is used, mosUy for temporary and light structures. 

In addition to the selection of material having high resistance against tensile stresses, 
i t is necessary to apply measures for decreasing the magnitude of frost heaving forces. 
This should be done on the basis of computations which wi l l be discussed in the follow
ing chapters. Let us mention here in passing that the drying of the excavation backfill, 
as well as the replacement of local material by slighUy adfreezing material (dry peb
bles and gravel) often serves as an efficient measure against heaving of foundations. 

5. SOME SPECIAL FEATURES OF STRUCTURAL FOUNDATION DESIGN 
Tn construction practice on frozen soils employing the method of retention of the un

disturbed thermal regime of soil bases, besides thermal computations and calculations 
relating to frost heaving, which wi l l be discussed later, structural design computations 
are also needed to determine the dimensions of the foundation elements, depending on 
the strength properties of the materials employed. These computations, which have 
special characteristics due to the frozen state of the subsoils, should not be ignored. 

First of all , the area of the foundation base, and accordingly the standard sizes of 

Figure 28. Design of foundation for struc
ture with an a i r space below the floor con
nected to the outside in winter: ( l ) layer 
of seasonally-thawed s o i l ; (2) frozen s o i l . 

*P.I. Melnikov reported on the successful introduction of this method at the Seventh 
Interdepartmental Conference on Pemafrost Studies in I956. 
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the foundation elements, are determined by well-known elementary equations used in 
structural analysis, proceeding from allowable design stresses of frozen soils as given 
in Chapter IV, Table 6. Until recently, designers usually did not go beyond these com
putations. However, later Investigations have shown* that frozen soils at relatively high 
temperatures (from -0. loc to - l^C, 31.820F to 30.2OF), especially clayey silt, are 
characterized by a considerable compressibility in the frozen state, which previously 
was not taken into account. This is confirmed by data presented in Table 9; 1. e., by 
values of reduced coefficients of consolidation (i . e., moduli of volume change) obtained 
experimentally. These considerations make i t necessary, in design of foundations for 
structures erected by the method of the retention of the frozen state of the subsoils, to 
determine the sizes of foundations not on the basis of allowable design stresses but ac
cording to the ultimate deformation of the subsoils, using permissible values as pre
sented in NITU-127-55. Then the amount of the foundation settlement may be found from 
very simple equations employed in the method of the equivalent layer as worked out by 
this author. 

TABLE 9 
VALUES OF THE REDUCED COEFFICIENTS OF CONSOLIDATION 

FOR FROZEN SOILS 

Sou Source 
of 

Data 

Physical Properties 
Bulk 

Densitv 
Moisture Temper

ature 
CO 

The Reduced 
Coefficient 

of 
Consolidation 

cm.Vkg 

Test . 
Conditions 

Sand 1 1.99 13.20 -0.5 0.0010 

Fine-grained 2 2.10 31.9 -2.0 0.0002 
sand 

SUty sand 2 2.11 43 -2.2 0.0014 
with some clay. 
medium 

2 - 24.30 -1.0 0.0011 

2 - 24.30 -1.0 0.0017 

Clayey silt 2 1.34 - 46 -2.0 0.0020 
with some sand 2.28 

1 1.88 39.8 -1.0 0.0032 

Silty sand 3 2.00 28.35 -0.3 0.0139 

3 2.00 28.35 -0.1 0.0231 

Compression 
tests 

A=0.49m'' 
p =8kg/cm^ 
A=0.49m* 
p=8kg/cm* 

A=lm'' 
p =8kg/cm* 
A=0.5m^ 
p =8kg/cm* 
A=0.98m* 
p =8 kg/cm* 
Consolidation 

tests 
A=0.5m'' 
p=3.75kg/cm'' 
A=0.5m'^ 
p =2.5kg/cm' 

1. N.A. Tsytovich, "O szhimayemosti (koDq>ressii) merzl^h gruntov, Otchet in. 
stituta merzlotovedeniya" AN SSSR, Moscow, 1953. 

2. Computed from data on load tests and field experiments carried out by G.N. 
H^simov and L . P. Gavells according to G. Ta. Shamshura's proposal, 
1952-1954. 

3. S. S. Vyalov, "Dlitel'naya prochnost' merzljkh gruntov 1 dopu^yemye na nikh 
davleniya," also, the report of the Inarskaya Permafrost Research Station 
for 1953, Permafrost Kistitute of the Academy of Sciences, USSR. 

A denotes the base area of the stamp used in loading tests. 

W Q i l B author reported on these investigations at the Seventh Ihterdeparbiiental Conference 
on Bexnafrost Studies i n I956. 
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For homogenous soils: S = h^ mv(ti,)j^P (7.4) 
and for layered soils: 

S = hs%(th)aP <^-^'> 
where hg (= A«b) is the thickness of the equivalent layer, b is the width of the founda
tion base area, and Ao is a coefficient taken from Table 8 and depending on the ratio 
of the length to the width of the foundation base area, on the form of the foundation, and 
on its rigidity; 

_ E V V t h H f L _ 
°V(tii)a i l ? 

s 
where ĥ  is the thickness of a separate layer and ẑ  is the distance from the middle of 
each layer to the depth 2hs. 

The relation Scomouted < Sultimate should be observed in properly designed founda
tions. 

In certain cases, when the compressibility of the soils varies greatiy, the differ
ential setUement, the bending, and the t i l t of the foundations, should also be taken into 
account. 

When pile-supported fovmdations are designed, setttement of the piles is not taken 
into account, and the bearing capacity of the piles is determined on the basis of the 
peripheral resistance due to adfreezing of the soil with the material of the piles, and on 
the basis of the point resistance of the piles from the equation (84): 

Pp = h ^ - f r \ * \ 56 (7.5) 

where u is the perimeter of the pile; hj is the thickness of separate layers of soils; 
Tfp is the frictional resistance of the soil in the active layer; h^ is the thickness of the 
active layer of soU; Ap is the cross-sectional area of the pUe; is the equivalent co
hesion, determined by the ball penetration test; Y is the bulk density of the soil; 1 is 
the length of the pile; is the continuous adfreezing strength of the soils to the ma
terial of the piles. 

The latter value may beobtained from Table 10, Chapter 9. 



Chapter 8 

F O U N D A T I O N D E S I G N M E T H O D S WHICH CONSIDER 

THAWING O F F R O Z E N B A S E S O I L S 

1. CONDITIONS FOR THE APPLICABILITY OF CERTAIN METHODS 
In this chapter we shall consider the second and third methods for the design of 

foundations and the erection of structures on frozen soils, namely: 
A. The method of adjustment of the design of structures to the differential settle

ment of thawing soil bases (structural design method). 
B. The method of pre-thawing subsoils prior to construction. 
Here we shall consider in greater detail the conditions which were outlined in a gen

eral way in Chapter 5 and which govern the choice of one or the other method for ef
fective construction on frozen soils; the data needed for the design of foundations wi l l 
also be discussed. 

A. The structural design method—i.e., the method of adjustment of the design of 
structures to the differential settlement of thawing soil bases (the thawing occurs after 
construction has been completed)—is employed much less often than the method of the 
erection of structures on frozen soils according to the principle of the retention of the 
frozen state of the subsoils. This is mainly due to the fact that the design method is 
less developed and, in order to have a basis for definite solutions, the values of many 
soil characteristics are needed, such as thermal characteristics, deformation charac
teristics of thawing soils, and others. 

The design method—i. e., the method in which the design takes into account the set
tlements which wi l l occur after thawing—should be distinguished from methods which 
ignore the later thawing, or consider the thawing without taking into account its results 
which inevitably cause nonpermissible deformations and cracking of structures. 

This method, although much more complicated than the method of the retention of 
the frozen state of subsoils, in some cases is the only one possible; e. g . , in the con
struction of railroad depots, or factories with heavily loaded floors placed directly on 
the ground, which makes i t hard and sometimes impossible to retain the undisturbed 
thermal regime of frozen soils (53). As a matter of fact, the frozen state of soU bases 
can be retained only if superfluous heat flowing from the structure can be diverted out
wards. This is difficult to accomplish if massive floors are laid on the ground, and 
especially if the surface of the ground is subjected to heavy loads imposed by machinery. 

In the design of structures under consideration of later thawing, the ultimate bearing 
capacity pui of frozen soils must f i r s t be established. S p^i < 1 ^/cm', the design of 
foundations on thawing subsoils presents such difficulties that builders should refrain 
from applying this method under the prevailing conditions. As a rule, the design meth
od is useful in cases where there are frozen sandy or other coarse-grained soils which 
have a satisfactory bearing capacity after thawing. Thawing soils should be consolidated 
under the action of the load, but not squeezed out from beneath the foundations. How
ever, a certain local squeezing out of thawing soils can be permitted, taking into ac
count the redistribution of pressures in the zones of soil bases subjected to the greatest 
stresses. 

66 
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Knowledge of the following characteristics is needed for the design of foundations 
by the method discussed: 

(a) Thermal properties of thawed soils—heat capacity, thermal conductivity, re l 
ative ice content, moisture content, and temperature of frozen soils; 

(b) Compressibility of thawing soils—the coefficient of thawing and the coefficient 
of consolidation of soil during thawing for individual layers of the soil mass under the 
stress imposed by foundations. 

S these characteristics are not available, i t is not possible to forecast the depth of 
thawing of soils beneath the foundation, or to estimate the amount of settlement of 
thawing soils or compute the redistribution of the reactions of soil bases due to dif
ferential thawing. 

In addition, the thawing soils should have sufficient bearing capacity not to be trans
formed after thawing into a semi-liquid mass. Only under this condition and if the 
thawing soils are not excessively compressible, is i t possible to design foundations in 
such a way that their settlements caused by the differential thawing of soil bases wi l l 
lie in the range of permissible values and wi l l not lead to objectionable deformations of 
the structures. 

According to N. I . Saltykov, the conditions which make i t possible to use the design 
method for the erection of structures on thawing soils are as follows: 

(a) The mean setUement of thawing soils should not exceed 25 mm (1 in.) for each 
meter (3.28 ft) of thawing, or SQj4 25mm/m, if p ^ 2 kg/cm^; 

(b) The difference between settlements of adjacent footings should not be larger than 
one-fourth the mean setUement; or S 4 + SQJ/4; 

(c) The ratio of the coefficient of thawing to the coefficient of consolidation of soil 
during thawing should not be larger than 3, or Ap 4 3, and should preferably be 
less than 1 or 2. inv(xh) 

To be sure the foregoing recommendations are tentative, because the permissible 
setUements and tilting of foundations depend on the rigidity of the structures supported. 

Thus, according to the Construction Code NiTU-127-55 (45), the following ultimate 
deformations are considered permissible: 

(a) Ultimate difference between setUements: for statically determinate 
structures—0.005 1; for steel and reinforced concrete frame struc
tures—0.002 1 (where 1 is the span). 

(b) Ultimate deflection of brick walls of multi-storied buildings: 

if ^43—0.0003-0.0004; 

if 4 5_o, 0005-0.0007; 

for one-storied factories, 0.0001. 
(c) Ultimate tUting of rigid structures—0.004, where L / H is the ratio 

of the length to the height of the deflected section of the wall. 
These values should be used in design computations and in the design of foundations 

on thawing subsoils. 
The foUowing computations should be performed for the design of structures to be 

erected on frozen soUs under consideration of gradual thawing of soil bases: 
1. Determination of the depth of thawing Qf the soil base. 
2. Estimation of the settlement of thawing soUs. 
3. Determination of the reaction of the soil base, taking into account the redistribu

tion of reactive forces after nonuniform setttement of the soil base. 
4. Determination of the size and the structural design features of the foundation. 
E should be noted that the question of redistribution of soil base reactions in the 

process of thawing is a very complicated problem, the detailed solution of which is 
possible only by means of complicated mathematical apparatus, or by means of calculat-
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ing machines, inasmuch as such foundations should be considered as beams and slabs 
on a continuous compressible base of variable compressibility (39). 

B. The method of pre-thawing of soil bases prior to construcFion, as has been in
dicated previously, is used mainly when frozen soils occur in the form of islands be
neath the location of the structure, when they are relatively thin (of the order of 5 to 
7m, 12 to 23 f t ; and not greater than 10 to 12m, 33 to 39 f t ) , m which case pre-thawing 
may be accomplished without special difficulties and the expense entailed would be jus
tified. 

In addition, the method of pre-thawing prior to construction is employed in cases 
of unstable thermal regine of frozen subsoils, when complicated engineering meas
ures would have to be applied in order to restore and maintain the temperature of the 
frozen soils. 

2. DETERMINATION OF DEPTH OF THAWING OF FROZEN BASE SOILS 
A. The principal problem is the uniform thawing of frozen soils without any heat 

losses to the sides (one-dimensional problem). 
Let us assume that a layer of soil thawed uniformly down to the depth h (Fig. 29), 

and that during the period of time, dt, the depth of thawing increased by dh. 
Let us compile a balance of heat for 

this case. 
According to Fourier, the amount of 

heat flowing to the line of thawing is = const 
Q = ^ T d d h (a) h 

^ dh 

jn 

where k is the coefficient of thermal con- —_| 
ductivity of thawed soil and Td is the ^ --^ -
acting difference of temperatures. This 
amount of heat wi l l be expended in melt- — 
ing the ice contained in the frozen soil; 
the amount of heat expended in heating Figure 29. One-dlmenslonal problem of 
the frozen soil to the melting temperature thawing of frozen s o i l s . 
of ground-ice is insignificant and may be 
disregarded. 

The amount of heat required to melt the ice contained in the soil is equal to the 
product of the heat of fusion of ice, 5, multiplied by the weight of ice in a unit volume 
of the soil. 

Taking into account the equations given in Table 4, Chapter 3, we obtain: 
Q = 5 wt i f dh (b) 

in which wt is the total moisture (ice) content of soil in percent of the total weight of 
soil; "i is the bulk density of the frozen soil; and i j . is the relative ice content of the 
soil. 

By combining Eqs. a and b we obtain: 

^ T d d h = 5 wt"V i r dh (c) 

Separating variables, integrating and solving for h (the depth of thawing), we have: 

which is known as Stefan's equation, because Stefan was the f i rs t to derive it in 1890 
(in a somewhat different form) for the melting of massive ice. 

Eq. 8.1 also can be presented in the form: 
h = a Vt̂  
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where 
a = V 2kTd (8.2) 

In other words, the depth of thawing of soils, in the case of the one-dimensional prob
lem, is proportional to the square root of time. It wi l l be shown later that this equation 
also has a more general significance. 

It should be noted that Eqs. 8.1 and 8.2 are employed not only for determining the 
depth of thawing, but also for finding the depth of freezing. 

The value of the coefficient a varies, depending on the properties of the soils, the 
temperature of heating, and the boundary conditions of thawing. 

The most accurate method of determining the value is given by G. Greber and S. 
Erk (23) and presents a graphical solution of the complicated transcendental equation 
(70, pp. 95-96). However, Eq. 8.1 is used directly in construction practice, with in
sertion of some amendments that take into account thermal influences. 

For example, if we take into account the heat capacity of the thawed soU, c, this 
sometimes may give a correction up to 10 to 30 percent (24), and after Kh. P. Khakimov 
we have: 

V 2 k T d t 
5 wt "V if + c-Y Td (8.3) 

M. M. Krylov (28) introduced another correction into the determination of the depths 
of thawing and freezing of soils; this is the correction in regard to the heat flow com
ing from the depths of the earth, q ( = k cal/mVhr). Then Eq. 8.1 becomes: 

2 k T d t q 

As later investigations have shown, the heat flow from the depths of the earth, q, is 
not a constant value, but varies within the limits of 0.5 to 5.0 k cal/mVhr, depending 
on external conditions and the geographic location of the investigated territory. 

V.S. Luk'yanoy (34) gave the most perfect equation for cases of the freezing and 
thawing of soils under conditions of the one-dimensional problem. 

V.S. Luk'yanov, determining the depth of the freezing and thawing of soils, takes 
into account aU preceding corrections and also considers the insulating action of the 
upper cover. He introduces the value H, the thickness of a layer of soil which is 
equivalent in regard to its thermal resistance to heat transfer from the surface and 
to the thermal insulation (1. e., to the influence of insulating layers). 

After V.S. Luk'yanov (34), the greatest depth of the freezing and thawing of soils, 
h, for the period t is determined from the equation: 

_ /y , c-y Td\ / k T d , „ k T d - qH h \ 
- [ } \ ~ k T d - q ( h + H ) - q j (8-5) 

V. S. Luk'yanov and M. D. Golovko compiled nomographs (35) to facilitate calcula -
tions on the basis of Eq. 8.5. 

All the foregoing solutions are based on the assumption that the heat of ice forma
tion is liberated only at the boimdary of thawing or freezing; however, this assumption is not 
accurate, because thawing and freezing of water in frozen soils occurs at any change of 
temperature throughout the entire volume of thawing or freezing soil. This makes it 
necessary to obtain a new, more accurate, mathematical formulation of the problem 
under consideration. This was accomplished in works by A. G. Kolesnikov (26) and G. 
A. Martynov (37). 

It should be noted that the question of forecasting the depth of thawing and freezing 
is insufficiently elucidated in foreign technical publications. Up to the present time 
they have used Stefan's simplified equation, not even taking into account the incomplete 
freezing of water in soils. In order to obtain a correlation of calculations and observa
tion, they have to introduce empirical corrections; for example, G. Carlson (12) in
troduced into an equation of the type of Eq. 8.1 "a constant for the improvement of 
the index of thawing," which varied (from 0.37 to 2.00) for different soils. 
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B. Taking into account the size of the building area when determining the depth of 
thawing of frozen soils presents a very complicated three-dimensional problem of the 
theory of heat transfer, which at present has no rigorous solution. 

In order to understand the character of the thawing of frozen soils under structures, 
let us consider a two-dimensional problem of thawing under symmetrical external tem
perature conditions. The solution of this problem was given by S.S. Kovner (27). He 
showed that in the case of the two-dimensional problem, the thawing boundary~o! frozen 
soil wi l l have the shape of an arc of a circle touching the edge points of contact between 
the structure and the frozen soil (Fig. 30). The radius of the circle changes with time. 

According to S.S. Kovner*s solution, the 
greatest depth of thawing, hniax> under the 
center of the area of the base of the struc
ture in this case can also be determined 
from Stefan's formula, i . e.: 

"max 
This makes i t possible to determine the 

greatest depth of thawing, if the value of a 
is known. It has been shown previously 
that the value of a depends on the thermo-
physical properties of thawing soUs and the 
temperature of heating; assuming that the 
curve of thawing has the shape of a circle, 
it is possible to plot the boundary of thaw
ing soils for a given period of time, t . 

As a matter of fact, pure geometrical 
considerations lead to the conclusion that 
the radius of the surface of thawing in the 
foregoing case equals: 

„ h" max + b" 

- - \ \ N , 

— 

- 2b 

h 
7>^P^ 

/ — 

2h 

Figure 30. Changes with time In the 
boundary of thawing of frozen s o i l s under 
structvires In the case of a two-dimen
sional problem of thawing and symmetrical 

temperature conditions. 

(8.5a) 
max 

in which b is the half-width of the structure erected on the thawing subsoils. 
Knowing the radius of thawing, we are able to outline the entire curve of thawing and 

determine the depth of thawing, h, under any point in the base of the structure. 
These calculations, of course, are justified under the following conditions: symmet

rical temperature distribution around the structure, steady temperature inside and out
side the structure, steady temperature of frozen soil, and so on. This means that the 
calculations are, to a certain degree, of a conditional character. However, they make 
it possible by a very simple method to determine tentatively the depth of thawing at any 
point in frozen subsoils, and then, on the basis of known characteristics of compressi
bility of thawing subsoils, to estimate the settlement of the thawing soil base and the 
non-uniform settlement of certain portions of the soil beneath the foundation. 

All the data of the preceding discussion are essential for the design and for the de
sign calculations of foundations of structures erected on frozen soils viiere these soils 
wil l thaw after the construction is completed. 

3. REACTIONS OF THAWING BASE SOILS AND DESIGN OF FOUNDATIONS 
For the design of foundations of structures erected on thawing subsoils, i t is neces

sary to know the reactions of the soil bases under the action of an external load. These 
reactions depend on the yield of thawing soils, which is proportional to their settlement, 
which in turn depends on the depth of thawing and on the external load. 

Thus arises a very complicated problem involving calculation of the interaction be
tween the structure and the thawing soil base. 

a was stated in Chapter 5 that in a very general case the settlement of foundations 
on thawing subsoils computed by the method of the equivalent layer (70) equals (Eq. 
5.11): 
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S=23Aoi hi +5jnv(Th) A Yi + g i r S i " v(Th) 

By considering the pressure y = p as a variable, and solving the Eq. 5.9 for 
Px, y, we obtain: 

Px,y= Shi mv%h)^i ^ ^ " ^ ^ o i ^-5Z™v(Th) A (8.6) 

Here, as before, zi denotes the distance from the middle of each layer to the depth 
= 2 hg; al l other symbols are the same. 

In the right part of Eq. 8.6, the settlement, S, is an unknown value, which for 
rigid foundations, according to N. I . Saltykov's proposal, can be presented as a uni
form settlement of the center of gravity of the b£ise area Of the structure and two tilts 
occurring in mutually perpendicular directions. Substituting Eq. 8.6 with its three 
components into the equations of equilibrium, we obtain a system of three equations 
with three vmknowns; solution of this system (by means of rather complicated calcula
tions) makes it possible to find the value of the reactive pressure. 

However, the question is complicated here by the necessity of taking into account 
the redistribution of pressure in soil bases which occurs as the result of the appear
ance of local plastic flow in some portions of the soil base. This is because, accord
ing to the condition governing plastic flow, pressures cannot exceed ultimate values 
determined by this condition. 

Pressures in soils beneath structures are redistributed most effectively by mas
sive rigid foundations characterized by high resistance against differential settle
ments of the soil base. 

Hence, i t is evident that in the erection of structures by the method of adjustment 
of structural elements to differential settlements of soil bases, i t is necessary to use 
rigid footings, which, as far as possible, are not to be connected to adjacent footings 
and other elements of the structure. Such footings should be capable of redistributing stres
ses in the base without the development of non-permissible deformations of the structure. 

The design calculation of rigid foundations, when the reactions of the soil base, 
Px y, are known, is accomplished according to the general rules of structural anal
ysis, by the summation of all forces and the summation of moments of all forces on 
one side of any cross-section mn or mini (Fig. 31). 

On the basis of the bending moment 
Mjj and the shearing forces Qx, the cross-
section of the footing is selected. 

For the preliminary selection of sec
tions of individual rigid footings, it is 
permitted, as a f i rs t t r ia l , to determine 
the reactions of the base according to the 
theory of non-imiform compression, with
out taking into account the compressibility 
of the soil base. 

In the design of flexible foundations, 
it is necessary to use the theory of beams 
and slabs supported by a continuous base of non-uniform compressibility, although the 
computations involved are rather complicated; e.g., according to Professor V .Z . 
Vlasov'8 theory (39) and according to other analogous methods. 

4. SOME DIRECTIVES FOR DESIGN OF FOUNDATIONS ON 
THAWING BASE SOILS 

Analysis of the joint action of structures and thawing soil bases leads to the follow
ing conclusions: 

1. Due to different depths of thawing of soils beneath different elements of the struc-

Figure 31. Design of rig i d foundation. 
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ture, and due to the nonhomogeneity of soils, the differential settlement of foundations 
during thawing of frozen soil bases is an inevitable phenomenon if a structure is built 
on thawing soils. 

2. The most intense settlement of fovindations on thawing soils is observed during 
the initial period of the existence of a structure, when the speed of thawing is greatest; 
therefore, i t is advisable to employ the pre-thawing of soils to a certain depth before 
the foimdation is built. This results in a reduction of later settlement and in more 
uniform settlement. 

3. Rigid massive footings are recommended for structures erected on thawing 
soils by the design method. These footings should be able to resist considerable dif
ferential settlements and re-distribute reactive pressures of the soil base. 

Structures built on thawmg soils should be provided with joints dividing them into 
separate rigid imits which may undergo settlement independent of each other. The 
rigidity of these units may be achieved by one of the following methods: (1) the use of 
continuous foundation slabs imder each of the structural units; (2) the use of a system 
of rigid strip footings of reinforced concrete crossing each other; (3) the use of founda
tions box-shaped in cross-section so as to withstand considerable differential settle
ment of thawing subsoils. 

The depth of the foundations, in the foregoing case of the erection of structures on 
thawing soil bases, should be a little greater than the depth of the seasonal freezing of 
soils; special measures to prevent frost-heaving of soils should be provided. 

Fig. 32 presents a cross-section of a hollow box-shaped foundation. Fig. 33 shows 
a foundation built of rigid intersecting strips of reinforced concrete; foundation columns 
supporting edge-beams are placed on these strips. 

When continuous foundation walls 
are built of concrete or of masonry-
concrete, it is advisable to provide 
reinforcing steel in the lower mat 
and to install reinforced concrete 
ties at the top of the walls. 

Brick structures should also be 
provided with rigid belts of rein
forced concrete placed at the level 
of the top edge of the foundation 
(the reinforced concrete tie may al
so serve this purpose) and at the 
level of the windows of the next-

V, 

- ) 

Cross-section of hollow box founda-
structures erected on thawing s o i l s . 

Figure 32 
tion for 

highest floor. The reason for the latter po
sition of the rigid belt is the necessity to 
install belts of reinforced concrete rather 
high, in order to have them act jointly 
with the brickwork of the walls. 

Thus, in the erection of structures on 
thawing soils by the method of the adjust
ment of the design of structures to differ
ential settlements after the completion of 
construction, a system of rigid massive 
foundations is used, which are designed 
to withstand considerable differential set
tlements of their soil bases. 

i i 

^^^^^ A 

5. ERECTION OF STRUCTURES BY THE 
METHOD OF PRE-CONSTRUCTION 

THAWING 

Figure 33. Rigid foundations fomed by 
intersecting strips of reinforced con

crete. 

The method of thawing of soils before the beginning of construction work is st i l l in 
the experimental stage (88, 86). 
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This method implies that sometimes, for economic reasons, before construction 
begins the frozen soils at the site of the planned structure are thawed. The frozen 
soils are thawed either completely (in cases of small thickness of the frozen mass), 
or partly—down to a certain depth. Then the structure is erected on thawed soils, 
taking into consideration the properties of the soils after thawing and the possibility 
of frost-heaving. 

The method of pre-construction thawing of frozen soijs has the following advantages: 
1. When this method is applied, the greatest part of the settlement of the soil base 

(thermal settlement) occurs prior to the erection of the structure; after completion, the 
structure only settles due to consolidation of the soil, which is much smaller and is 
more uniform. 

2. The rate of settlement of structures erected on soils after their thawing, as was 
demonstrated by corresponding experiments, is much smaller than that which takes 
place in the process of the thawing of soils. 

The latter fact is of great importance, because for some types of structures only a 
limited value of the rate of settlement of their foundations is permissible. For example, 
according to data of settlement observations on structures, analyzed by V. F. Zhukov 
(90), the ultimate permissible rate of settlement for structures of reinforced concrete 
îFame design) is 0. 05 mm/day; for brick buildings, 0.1 mm/day; and for conventional 

frame houses, around 0.2 to 0.3 mm/day. 
A prerequisite should be noted: the bearing capacity of thawed soils should be suf

ficient to withstand the load imposed by the structure. If the bearing capacity of the 
thawed soils is very low, it is necessary to apply methods of soil stabilization. 

Preliminary thawing of frozen soils on the site of the planned structure should be-
carried out according to a special plan. It can be accomplished by the two following 
methods: (1) utilizing the natural heat of the sun, and (2) applying artificial methods. 

The f i rs t method is employed when soils have to be thawed to a small depth (5 to 6 
m, 16 to 20 f t) . In order better to utilize the heat of the sun, the upper insulating lay
er (moss and sod) should be cleared off. In winter an additional snow cover is applied 
which protects the soil from intense cooling and from deep winter freezing. Use of 
these measures makes it possible in the course of two or three years to increase the 
thawing of frozen soils to a depth of 5 to 6 m (16 to 20 ft) (2). 

The second method has two variations: the method of hydraulic thawing and the 
method of thawing by jet-points. 

In the hydraulic-thawing procedure the territory subjected to thawing is diked and 
covered with a layer of water 2 to 3 m (6.5 to 10 ft) deep. Water protects soils from 
freezing in winter and heats soils during the whole year. This method can be employed 
only in places where gravels and other coarse-grained soils occur, the bearing capacity 
of which is not decreased appreciably when they are water-saturated. 

Special equipment is used when the steam thawing method is employed. This equip
ment consists of a steam boiler (the source of steam) and steam jet-points—special 
pipes with pointed ends having slots for discharge of steam and with caps for driving 
the jets into the steam-saturated soil (Fig. 34). The jet-pipes are driven to some 
depth, then steam is forced into them; steam diffuses through the slots and causes 
thawing of a volume of the soil. The jets are then driven again, deeper into the soil, 
by means of light blows on the cap, and hot steam is forced in again. In this way the 
frozen soil can be thawed to a depth of 7 to 10 m (23 to 33 f t ) . 

However, it should be noted that soils become semi-liquid under the action of steam 
and considerable time is needed for the natural squeezing out of water from them; other
wise it is necessary to use artificial stabilization of the soil masses that have been un
der the action of steam. The thawing of frozen soils by means of steam jets, although 
it has many shortcomings, s t i l l may be rather widely used in the erection of structures 
on frozen soils by the method of pre-construction thawing, because this method implies 
mechanization and affords the possibility of carrying out the planned work quickly. 

The volume of frozen soils subjected to thawing may vary widely and depends on 
geologic stratification of the mass of frozen soils beneath the structure, as well as on 
design characteristics of the planned structure and the thermal regime of the site. 
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(b) 
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The thawing of frozen soils may be ac
complished: (a) beneath the entire area of 
the structure, and (b) beneath certain por
tions of its foimdation. The f i rs t method 
(i . e., the thawing of soil under the whole 
structure) is applied in cases where the 
thickness of frozen soils is not large, or 
where frozen soils are vmderlain at an at
tainable depth (of the order of 5 to 10 m, 
16 to 33 ft) by bedrock. The depth of the 
partial or local thawing is determined by 
calculations based on data concerning per
missible ultimate rates of the settlement of 
thawed soils. Local thawing under footings 
is permissible only in cases where the soil 
after thawing wil l satisfactorily withstand 
not only vertical loading, but also lateral 
pressures. If the thawed soils wi l l not 
withstand the vertical and horizontal pres

sures, the foundations wi l l be greatly overstressed. 
For example, under the conditions prevailing in Leningrad, in construction on soft 

peaty soils, attempts to improve conditions by installation of sand cushions only beneath 
the Individual footings turned out to be completely ineffective. The completed structure 
imderwent excessive settlement of more than 40 cm (16 in.) and developed non-permis
sible deformations, ft should be kept in mind that under the action of a localized load 
not only wi l l a zone of vertical stresses ( i .e . , the zone of pressures v^) appear, but 
also a zone of lateral pressures, o-y (Fig. 35b). 

Hence, the nature of the performance of tliawed soil should be considered in carry
ing out partial pre-construction thawing of frozen soils beneath foimdations. The depth 
and the width of zones of soil subjected to thawing should be determined by calculations. 
Later the soil should be stabilized 

Figure 3^. Steam-Jet action during thaw
ing of frozen s o i l s : (a) action of indi

vidual Jet; (b) layout of Jets. 

(b) 
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by one method or another. 
At present, the following meth

ods of stabilization of soft soils, in
cluding thawed soils, are applied: 
mechanical, chemical, electrochem
ical, and cement stabilization. 

Mechanical methods of stabiliza
tion of thawed soft soils comprise: 
the installation of sand piles, the 
replacement of soils (the installa
tion of sand cushions), mechanical 
compaction by impact and blasting 
procedures, as well as the employ
ment of pile foundations. 

Methods of chemical stabilization 
of thawed soils comprising the two-
solution method (liquid glass* + calcium chloride) and the one-solution method (liquid 
glass*) are applied only to certain soils. The two-solution method is suitable for sandy 
soils having a coefficient of permeability larger than 2 m (6.5 ft) per day; the one-so
lution method is used if a sufficient amoimt of calcium carbonate is present in the soils. 
However, the chemical stabilization of soils is expensive; its cost is the same as that 
of the use of concrete. 

The method of electrochemical stabilization of thawed soils Is applied only to semi-
liquid clayey soils. When due to electro-osmosis taking place between two electrodes 

Figure 35- Foundations on thawed soft s o i l s : 
(a) cross-section of building; (b) lines of 

equal normal stresses, and ay. 

Translator's Note: Sodium s i l i c a t e . 
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forced into the soU to be stabilized, i t is possible to inject different salts and also to 
dry up the soil directly. In some cases even the pumping of water from a tubular 
cathode is possible. 

The method of stabillzii^ thawed soils by means of cement grout injection is appli
cable only in very coarse-grained soils; i . e . , soils composed of pebbles or gravel. 



Chapter 9 

PRINCIPLES OF FOUNDATION DESIGN 

• TO RESIST FROST-HEAVING 

1. FORCES OF ADFREEZING AND FORCES OF FROST-HEAVING IN SOILS 
During the freezing of soils in the active layer, volumetric expansion (swelling) 

occurs and forces of adfreezing of mineral particles, one to another as well as to the 
material of the foundation, are brought into action. Due to the latter phenomenon, the 
forces of frost-heaving, which develop as the further freezmg of soils proceeds, cause 
the heaving of foundations. 

The term forces of adfreezmg of frozen soils to the material of foundations is ap
plied to forces of ice-cementation bonds which develop during the freezing of moist 
soils near foundations. 

The values of the forces of adfreezing tangential to the surface of foundations are 
determined by driving columns through soils in which they were frozen (66). 

During the initial stages of investigation of this question (1928-1936), the maximum 
value of forces of adfreezing or, more accurately, the temporary strength of the ad
freezing between soils and the material of foimdations, was determined by driving 
columns, at a standard rate of load increase, through the soil m which they were 
frozen. 

The results of these experiments revealed a high value of the adfreezing strength 
between soils and the material of foundations (of the order 2 to 30 kg/cm ' ) and establi
shed a number of important interrelationships; namely, the influence of the grain size 
composition, of temperature, of moisture content, and of the rate of increase of load 
on the value of the adfreezing strength (68, 66, 80). 

Fig. 36 presents the relationship between the maximal forces of adfreezing of soils 
and their grain size composition at a moisture content equal to about 80 to 95 ^ of their 
fu l l saturation at a temperature of -10''C (14''F). Fig. 37 presents the relatiraship 
between the maximal forces of adfreezing of soils and their total moisture content. 

The data presented lead to the followmg conclusions, which are of practical im
portance: 

(a) The largest value of the adfreezing strength is observed in ice-saturated sands; 
the smallest, in gravels and pebbles. 

(b) An increase in the moisture content of soils leads to an increase of the adfreez
ing strength. 

These principles, established in the early 1930's (66), are fully utilized in the de
velopment of measures to prevent the heaving of foundations. 

It was formerly recommended (OST 9032-39) to utilize the maximal forces of ad
freezing of soils for computations in design work related to the heaving of foimdations. 
However, this led to estimated values of frost-heaving forces several times larger 
than those encountered in practice. 

This was because the relaxation of stresses under load action of long duration was 
not taken into account, as was done for the f i rs t time by M. N. Gol'dshtein (21) on the 
basis of bis experiments in 1940. 

76 
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Later investigations have shown that the value of continuous forces of adfreezing 
(Tad) is many times smaller than the temporary adfreezmg strength (Xg) and approxi
mately equals: 

Tad - ^ Ts (9.1) 

On the basis of M. N, Gol'dshtein's data and Shvedov's equation, N. I . Saltykov pro
posed an equation for determming the decrease in magnitude of forces of adfreezmg 
due to relaxation of stresses (52). However, this equation did not come into general 
use. Further, Gol'dshtein's experiments (20) have shown that a decrease in magnitude 
of forces of adfreezing with time occurs not only due to the relaxation of stresses, but 
also imder repetitive loading, as well as in the case of continuous displacement of a 
column frozen mto the soil. It was proposed to set the contmuous adfreezing strength 
equal to the tangential forces of the frost-heaving under consideration of its decrease 
when shear is continuous. 

The experiments of N. 1. Bykov (U) in this field gave a value of the forces of frost-
heaving on a column footing which were of the same order as the ones obtained from 
computations on the basis of continuous forces of adfreezmg. 
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Figure 36. Relationship between temporary forces of adfreezing (ultimate ad
freezing strength) of soil s to wood, and grain size composition of s o i l . 

At present we distinguish between normal and tangential forces of frost-heaving of 
soils. 

Normal forces of frost-heaving of soils appear in a direction perpendicular to the 
surface of adfreezmg (e.g., to the bottom of foundations placed in the layer of seasonal 
freezing) if the frost line sinks lower than the bottom of the foimdations; tangential 
forces of frost-heaving develop along the side surfaces of foundations (they act tangen-
tially to them) in the soil directly adjacent to these surfaces. 

N. N, Morareskul (40) indicated that the value of the normal forces of frost-heaving 
depends on the properties of the moisture regime of soils, on the rate of their freezing, 
on the yielding of the underlying layer, and on the magnitude of the external load. S 
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Figure 37. Relationship between tenporary forces of adfreezing and t o t a l moisture 
content (after data of I . S. Vologdlna): ( l ) s i l t y sand with some clay to wood 
(T = 10°C, or l l * F h (a) the same to concrete (T = -10 C ) i (3) the same to wood 
( T = - 1 °C , or 30.2°F); {h) the same to concrete ( T = -1 C ) ; (5) clayey s o i l to 
wood (T = -lO^C); (o) the same to concrete (T = -10 C): (7) the seme to wood (T = 

-1°C); (8) the same to concrete (T = -1 C). 

the underlying layer is characterized by low compressibility, the magnitude of the 
normal forces is considerable, sometimes attaining 5 to 8 k^cm^ and more; hence, 
all possible measures should be taken to prevent the development of these forces in 
soils beneath the structures. 

M.S. Grutman's field observations in the Kiev area showed that the magnitude of 
external loading greatly influences the heaving of foundations laidinthelayer of season

al freezing. 

Tg, kg/cm^ 

Figure 38. Detennination of the steady 
resistance to adfreezing by means of 

B. I . DaLnatov's device. 

Tangential forces of frost-heaving de
veloping in freezing soils, as well as their 
continuous adfreezing strength, are of the 
utmost importance in the consideration of 
conditions of stability of foundations resting 
on frozen soils. 

The question of the magnitude of tangen
t ial forces of frost-heaving has been lately 
elucidated in more detail as a result of field 
and laboratory experiments performed by 
B . I . Dalmatov, S.S. Vyalov, and others 
(84, 15, 64). B . I . Dalmatov (64) carried 
out direct field measurements of tangential 
forces of the frost-heaving of soils, by 
means of vlbrating-wire dynamometers in 
the foundations of structures built en silts 
with some sand, and on silts with some 
clay. The results of these measurements 
indicated that the magnitude of such tangen
tial forces is very close to the so-called 
value of the steacb^ resistance to adfreezing. 
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The latter value is determined by means of a special device, in which a column 
frozen into soil is under the action of a continuous tangential force; the rate of dis
placement of the column in the device can be varied from 2.2 up to 20 mm (0.086 to 
0.78 in.) per day, thus a value close to the rate of frost-heaving of soil in nature can 
be selected (38). Detailed experiments Indicated that the curve of changes of resistance 
to adfreezmgTFig. 38) has three sections: the f i rs t section characterizes an intense 
increase in the resistance to adfreezmg; the second section, a drop of resistance; and 
the third section, a gradual approach to a certain steady value, T - ^ . 

It is known from the theory of plasticity that the development ol steady plastic flow 
starts when a deformation having a certain limit value is reached. 

Corresponding experiments (38) have indicated that 10 mm (0.39 in.) is the limit 
value of deformation during continuous shear when determining the value of steady 
resistance to adfreezing for ice-saturated silts with some sand, and silts with some 
clay. The resistance value corresponding to a deformation of 10 mm may be consider

ed in practice to be the steady resistance 
to adfreezing, Tg^. 

Investigations (64) have also shown that 
TABLE 10 the steady resistance to adfreezing p r i -

VALUES OF CONTINUOUS ADFREEZING marily depends on the value of the temper-
STRENGTH BETWEEN SILTS WITH ature below freezing: i t grows with a de

crease of temperature. For a range of 
temperatures of not too low values (down 
to -lO'C and even to -IS'C) this dependence 
may be well expressed by the equation 
(64): 

Temperature, T " 
Cc) 

, 
Tad 

(kg/cm') 
-0.3 0.3 
-0.5 0.6 
-0.7 0.8 
-1.0 1.0 
-2.0 1.6 
-3.0 2.0 

T s t = c + b ( T n ) (9.2) 

where c and b are parameters of the linear 
dependence of Tgj on T " ; T " is the ab
solute value of temperature below freez
ing (centigrade). 

The values of the parameters c and b , 
on the basis of the experiments performed (64), in the f i rs t approximation may be con
sidered to be ce^O.3 to 0.4 kg/cm^xdegrees andb ^ 0.10 to 0.15 kg/cm^ x degrees. 

On the basis of field and laboratory experiments, B . I . Dalmatov comes to the con
clusion that the mean value of the tangential forces of frost-heaving practically equals 
the steady adfreezmg strength. 

Hence, we obtam: 

^ h - T s t (9-3) 

This equation makes i t possible to use successfully in future work the results of 
laboratory investigations. 

However, i t must be admitted that at present the most reliable method of determin-
mg the magnitudes of the forces of frost-heaving, T J ^ , for use m design computations 
I S the method of their direct determination by measuring the force of heaving of columns 
installed in freezing soils. This determination can be accomplished by means of beam 
dynamometers and by other methods of direct measurement. Certainly, these pro
cedures are s t i l l very complicated and require not less than two winter periods of ob
servations, but at present this is almost the only reliable way. 

The values of contmuous adfreezing strength, TJ^^J are important in computing the 
strength of foundation anchorages in permanently frozen, not thawing soils. Some 
values of contmuous adfreezing strength between silts with some sand and clay, and 
wooden columns, fixed into the soil by means of steam and later allowed to freeze, 
as obtained from S. S. Vyalov's experiments (84), are presented in Table 10. 

For sandy soils the given values may be increased approximately 1.25 to 1.50 
times, as well as for piles driven into drilled holes having diameters a little smaller 
than those of the piles. At a temperature close to O'C, T ^ ^ J 0.2 kg/crr?. 



80 

f t ) 
ha 

-_hf-tad ,, 
- 1 ^ V 

N 

It should be noted that forces of frost-heaving of freezing soils appear not only in 
areas where there are thick masses of frozen soils, but also in areas of seasonally 
frozen soils, especially in silty soils: fine-grained sands with silt, silts with some 
sand, and silts with some clay. 

2. DESIGN OF FOUNDATIONS WITH CONSIDERATION OF FROST-HEAVING 
As early as 1928, this author recommended a design of foundations based on calcula

tions which took into account the phenomena of frost heaving (65). Later investigations 
of several workers (84, 20, 15) have mdicated that this design is fully suitable imder 
conditions observed in the field. However, opinions in regard to the forces of frost-
heavmg which should be taken into account in design work have drastically changed as 
a result of field experiments (primarily due to N . I . Bykov's experiment), and also as 
a result of later mvestigations of the continuous and steady adfreezing strength of soils. 
As previously stated, the relaxation of stresses in soils was taken into account in these 
investigations. 

The mean values of frost-heaving forces 
obtained directly by field experiments are used 
for design computations of the frost-heave of 
foundations. Or the computations assume 
these forces to equal the value of the steady 
adfreezing strength; i . e., T J ^ = . 

Let us assume that the foundation penetrates 
into permanently frozen soil to the depth hf 
(Fig. 39) and is subjected to symmetrical 
temperature conditions; for example, in the 
case of the erection of structures by the method 
of retammg the frozen state of soil bases. 

Let us introduce the symbols: denotes 
the mean value of frost-heaving forces within 
the active part of the active layer h^; T ^ ^ J 
denotes the mean value of the continuous ad
freezing strength within the layer hf; h^ denotes 
the thickness of individual layers. 

Where the active layer is underlain by f ro 
zen soils, frost-heaving stresses wi l l not ap
pear throughout the entire depth of this layer 
which reaches to the maximum depth of frost 
penetration. They wi l l appear only in i t section i. ha which IS active in regard to frost-heaving. 

Figure 39. Frost-heaving stresses. 

This is explained mainly by the fact that the 
lower part of the active layer is dried up in the 
process of moisture migration toward the frost 
line. The value h^ is determmed by experi
ments investigating the distribution in depth of 
the tangential forces of frost-heaving. As a 

f i rs t approximation this value may be assumed to be: 
2 

ha - y V a x 
(9.4) 

where hmax ^ maximum depth of frost penetration at the place considered. 
If the active layer is not underlain by frozen soils, it should be assumed that 

ha - hmax-
The largest frost-heaving stresses appear near the surface of the soil. Their ab

solute value depends on the properties of the soil, the rate of freezing, and the value 
of the temperature below freezing. Usually the design computations are based on the 
ultimate values of the stresses as determined by the factors listed. The stresses de
crease with depth according to the law of temperature changes in frozen soils. 
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The changes in the temperature of soils during their freezmg can be taken, with 

sufficient accuracy, as having a linear variation with depth. 
The mean value of the frost-heaving force in soils is determined by 

- _ T i hi Ta ha + T3 hs /„ c\ 
hi + ha + h3 (^-^^ 

in which T I , Ta andTs denote forces of frost-heavmg in separate layers down to the 
depth ha; h i , ha and ha denote the thickness of separate layers. 

The same means should be applied for determinatmg the mean value of the continuous 
adfreezing strength, T „ ^ , for the portion of the foundation penetrating the frozen soil. 

By using the symbols presented in Fig. 39, we derive the equation of equilibrium of 
all forces acting on the foimdations subjected to the frost-heaving of soils in the active 
layer. 

We have: 
S z =0 

or 

N - T j j ha u i + T^jj h | ua = 0 

from which we determine the depth of penetration of the foimdation into frozen soil 
which should satisfy the condition of stability m the presence of frost-heaving; that is, 

. ""h *̂ a "1 - N 
Tad ua (^-^^ 

in which u 1 and u 2 are values of the mean perimeters of the foundation withm the 
active layer and withm frozen soils; and N is the load imposed on the foundation by 
the structure. 

A factor of safety of the order of 1.2 to 1.3 is mtroduced mto Eq. 9.6 to determine 
the depth of penetration of the foundation mto frozen soil. The design of the foundation 
should also take into account the tensile stresses. 

The value hf can be decreased either by an increase of the vertical force N, ( i . e . , 
the load imposed on the foundation) or by a decrease of the magnitude of the forces of 
frost-heaving, T ) J , as well as by an increase of forces preventing the heavmg of the 
foundation ( i .e . , which increase the adfreezmg strength, T „ H • 

Hence, analysis of the relationship expressed by Eq. 9.6 leads to practical measures 
for the prevention of heavmg of foundations placed on frozen soils (this wi l l be consid
ered in Chapter 10), as well as to the necessity of buildmg foimdations subjected to 
frost-heavmg out of materials characterized by high tensile strength. Reinforced 
concrete, wood, and to a certam degree concrete, have this strength. Materials 
characterized by low resistance to tensile stresses, such as masonry and bricks, 
should not be used m the foundations of structures erected on frozen soils. Masonry 
foundations inevitably develop cracks which later are filled with water; subsequent 
freezing of \yater leads to the destruction of the foundation and to non-permissible de
formations of the structure. 

3. MEASURES TO COUNTERACT FROST-HEAVING OF SOILS 
. AND HEAVING OF FOUNDATIONS 

The precedmg discussion leads to the conclusion that special measures against the 
frost-heaving of soils and the heavmg of foundations should be taken during the erection 
of structures on frozen soils. 

General measures to decrease the frost-heaving of soils are: 
(a) Drainage of soils, which is necessary because the volume increase of freezing 

soils IS proportional to their moisture content. A decrease m the moisture content 
can be achieved by providing general drainage and diversion of surface waters. If 
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possible, the ground-water level should be lowered in order to prevent the flow of 
groundwater toward the frost line, since such flow greatly affects the swelling of soils. 

(b) bisulation and heating of soils adjacent to foundations changes considerably the 
migration of water in the zones of freezing soil which directly adjoin a foundation. This 
w i l l drastically decrease the frost-heaving of soils in that zone, bisulation of soils is 
accomplished by installation of insulating collars around foundations. These collars 
facilitate the migration of water from the foundation toward the periphery of the back
f i l l , which freezes more quickly. Heating is accomplished artificially means of 
steam pipes. It may not only decrease but also completely do away with the frost-
heaving of soils, and the heaving of foundations. However, this method requires con
tinuous expense during the entire winter period. 

Measures aimed directly at counteracting the heaving of foundations are: 
(a) Addition of weight to a foundation and the increase of the specific lateral pressure 

on the side faces of the foimdation; 
(b) Backfilling of the foundation excavation with material which does not swell; and 

(c) Strenthening of the founda
tion anchorages. 

Addition of weight to a foimdation 
may be accomplished by the use of 

' individual column footings of mini
mum area. This implies use of 
material with high compressive and 
tensile strengths. Observations in 
the field have shown that this mea
sure is very effective; i t consider
ably decreases, and under certain 
conditions completely eliminates, 
heaving of foundations. For ex
ample, abutments of large bridges, 
which are under the action of heavy 
loads, and column footings of multi-
storied houses are never subjected 
to heaving. 

The following types of non-swell
ing backfill of foundation excavations 
can be used: 

(1) Dry pebbles and gravel pro
tected by timber sheets from si l t-
ingandconnectedto drains (Fig. 40a). 

(2) Inverted vertical-layered fi l ter (after B . I . Oalmatov's proposal) (Fig. 40b}. 
(3) Materials with a low freezing temperature, such as saline clay or a special 

bituminous substance, placed close to the footings (Fig. 40c). 
Jn addition, the use of inclined foundation faces and provision of an iron cover after 
their concreting w i l l decrease somewhat the heaving of foundations. 

The anchorage of foundations can be strengthened by the following methods: 
(a) By using fine-grained sand, which after freezing w i l l have a high adfreezing 

strength, as foundation excavation backfill in the portion directly adjoining the footing. 
(b) By inserting wide bearing plates under the footings. The latter makes foundation 

work more expensive and complicated, as i t requires an increase in the size of ex
cavations made in frozen soils. 

Thus, the preceding discussion has shown that at present many measures have been 
developed, and mostly tried in the field, to counteract frost-heaving of soils and the 
heaving of foundations. In each individual case the use of these measures depends on 
local conditions and possibilities. 

Figure kO. Non-heaving backflUlng of foim
dation excavatlDns: (a) gravel protected 
from s i l t i n g by tliober sheets; (b) v e r t i c a l -
layered backfilling (of the inverted f i l t e r 
type); (c) backfilling made of non-adfreez-

ing material. 



Chapter 10 

SPECIAL. F E A T U R E S OF FOUNDATION CONSTRUCTION 
AND MAINTENANCE OF STRUCTURES 

E R E C T E D ON FROZEN SOILS 

1. EARTH AND FOUNDATION CONSTRUCTION WORK ON FROZEN SOILS 

The digging of foundation excavations, trenches, and cuts in frozen soils, the con
struction of embankments and other earUi work, as well as foundation work, have 
their special features due to conditions differing from those which exist in areas of 
non-frozen soils. The main peculiarity lies in the fact that builders have to consider 
the thermal regime of soils and their properties both in the frozen state and after thaw
ing. 

The requirements for earth and foundation work are different, depending on the 
method selected for the erection of the structure; i .e . , on whether i t wi l l be the method 
of retention of the frozen state of bases, or the method of pre-thawing of soils. 

In construction practice employing the method of the retention of the frozen state 
of soils beneath the foundation aU measures should be taken to secure the undisturbed 
natural frozen state of soils. If local disturbances of the thermal regime occur dur
ing the foundation work, measures should be taken to re-establish the frozen state of 
the soils. 

In this case, the engineering preparation of the construction site and the layout of 
connecting roads, as already discussed in detail in Chapter 6, involve some special 
measures which include the retaining as far as possible of the natural vegetative and 
moss cover, and the non-disturbance of the thermal regime of the soil. A l l work as
sociated with the preparation of the area, itsi drainage, leveling, and so on, should be 
carried out strictly according to the design. 

Winter is the most suitable time for proceeding with the excavation and other earth 
work, especially in swampy localities. This is due to the fact that in winter i t is 
easier to Insure the frozen state of the soils beneath the structures. 

However, i t is more advantageous to arrange the schedule of earth work (32, 87) 
in such a way that the largest amount of work possible wi l l be performed in the layer 
of summer thawing; i . e., one should plan to perform this work in the fa l l , when the 
soil thaws to the greatest depth. Besides, other advantages of this kind of planning 
are due to the fact that subsequent winter frosts wi l l keep the soil at the bottom of the 
excavation in the frozen state. 

Recently, the "Yakutetroy" trust and the Yakutsk Eiqwriment StaUon of the V. A. 
Obruchev Permafrost Institute of the Academy of Sciences, USSR ("YaNIMS"), intro
duced into general use a method of year-around performance of foundation work.* 
This method implies a foimdation design in the form of short piles or columns instal
led in holes made by means of steam needles, and later frozen. No excavating work 
is done. 

*Communicatlon hy P.I. Melnlkov at the Seventh Intragovemment Conference on Itermafrost 
Studies, 1956 (64). 

83 
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Construction of foundations of structures erected by the design method which takes 
into account the subsequent thawing of soils beneath the structure is also characterized 
by a number of special features. Only uniform thawing of soils is permitted to a 
small depth, of the order of several tens of centimeters; then the thawed layer should 
be compacted by tamping in gravel or broken stone, one thin layer after another. Such 
compaction of thawed soils can be done to a depth of not more than 0. 5 to 0. 7 m (1.6 
to 2.3 f t ) (87). In addition, when foundations are built by this design method, i t is ' 
desirable to install pipes under the bases of footings, or near the footing slabs. Later 
these pipes would be used for the regulation of thawing by means of flowing hot water. 

In excavating for foundations when the method of pre-construction thawing is used, 
it is necessary to pay special attention to the subsequent compaction and stabilization 
of thawed soils, to their drainage, and to the diversion of water out of excavations. 

There are different methods of excavating frozen soils: mechanical methods imply 
the use of mechanical spade-hammers and trenching tools, as well as the use of 
explosives; thawing of frozen soils is accomplished by means of water, steam, and 
electrical jets, by the use of hydromonitors, and by other methods. The method select
ed for excavating frozen soils depends on the method of construction and on local re
sources. Among the methods of thawing frozen soils by means of special jets (Fig. 41) 
the most economical and expedient is the method of thawing by water jets with forced 
circulation of hot water (Fig. 41a). This method was developed by the AU-Union Re
search Institute for the Organization and Mechanization of Construction ("VNnOMS"); 
it is almost twice as economical as the method of electro-heating (18) and does not add 
moisture to the thawed soils, as happens when steam jets are used. 

It should also be noted that sometimes, especially in swampy localities, or when 
bridge abutments are constructed in shallow rivers, the method of freezing (18) has 
certain advantages. This method implies the gradual freezing of "taliks" by means of 
natural cooling and subsequent excavating of frozen soils while working in the dry. 

If the structure is erected by the method of retention of the frozen state of soils, 
and the construction of the foundation is performed in the winter time, then, if the 
concrete work is done in a temporary heated enclosure, i t is necessary to provide a 
good msulation of the walls of the excavation for the foundation and to plan the sub
sequent—(after the setting of concrete in the foundation)—freezing of the bottom of the 
excavation. 

2. DIRECTIVES FOR MAINTENANCE OF STRUCTURES ERECTED BY 
. THE METHOD OF PRESERVATION OF THE FROZEN STATE 

OF BASE SOILS 
In localities where structures are erected on frozen soils, a continuing observation 

service should be organized for control observations of structures. Such a service, 
named a "permafrost service, " has been organized in several towns, such as Norilsk, 
Yakutsk, and others. The service has the duty of checking compliance with maintenance 
rules for structures built on frozen soils. 

For example, in regard to structures erected by the method of retention of the frozen 
state of soils beneath the foimdations, the following rules should be observed: no warm 
water (e.g., from laundries, bath-houses, and industrial buildings) should be permit
ted to flow directly into the soil; the air space below the floor should not be used for 
storage purposes, no pits may be excavated there; certain rules should be observed m 
the installation of inlets and outlets of different water and steam pipes, and so on. 

The observation service regularly inspects structures, measures the temperature 
of the soils beneath the structure, and controls the removal of cinder and hot ash from 
furnaces. 

The record of the observation service m such towns as, for example, Norilsk, has 
shown that such an organization fully justifies its existence. 

In the maintenance of structures erected by the method of retention of the frozen 
state of soil bases, special attention should be paid to preventing the wetting of soils, 
to regulation of snow accumulation, and to removal of local sources of heating of 
frozen soils. 
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Figure kl. Most widely used types of Jets 
for the thawing of frozen s o i l s : (a) water 
Jet with forced circulation; (b) steam 

Jet; (c) e l e c t r i c a l "Jet." 

Liquid water, having the largest heat 
capacity, is the main heat-transmitter in 
soils. Therefore, all measures should 
be taken to protect the frozen ground 
near foundations of structures from the 
seepage of atmospheric water, and 
especially of warm waste water from 
some industrial process. The latter 
makes the following measures necessary: 
provision of gutters to divert water out
ward; regulation of surface runoff; col
lection of waste warm water and its d i 
version outward in special gutters instal
led on ventilated shelves. 

Lack of control over snow accumula
tion may result in local heating of soil 
and in disturbance of the thermal regime 
of soils. Therefore, removal of snow in 
the area aroimd structures should be 
properly organized, as accumulation of a 
great amount of snow is not permissible. 

Local sources of heat, such as furnaces, 
pipes, etc., as well as places of ash ac
cumulation (for example, at electric pow
er plants), may cause intense local thaw
ing of frozen soils beneath structures, 
which may result in objectionable deform
ations of structures. 

In and around structures erected on 
frozen soils periodical repairs should be carried out of such elements as non-swelling 
backfills adjoining foundations, freezing belts installed to counteract surface icing 
(nalyeds), gutters for diversion of rainfall, and so on. 

For example, without annual preventive repairs, freezing belts become ineffective 
in the course of a few years. 

There should be control over non-swelling backfill adjoining foundations; observa
tions in regard to the wetting and silting of backfill material should be carried out and, 
if necessary, repairs should be performed promptly. 

The repair work may include cleaning of diversion channels, waterproofing of di
version channels, replacement of moist insulation by dry, and partial or complete re
placement of non-swelling backfill. 

3. DIRECTIVES FOR MAINTENANCE OF STRUCTURES 
ERECTED ON THAWING BASE SOILS 

Structures constructed by methods taking into accoimt the thawing of frozen soil 
beneath the structures (both before and after construction) should be subjected f i rs t of 
all to settlement observations. 

The settlement observations should be carried out regularly. Measurements of de
formations (the settlement and heaving of bench marks installed along the edges of 
foundations) are made in relation to reliable monuments situated outside the zone of 
influence of a given structure. During the f i rs t year after construction, when the 
settlement rate is largest, the settlements are measured at least once a month; in 
later years, they are measured at least quarterly. 

If the settlement observations of the structure erected on thawing subsoils indicate 
a non-permissible differential settlement, or reveal a non-permissible tilting of the 
foundation, urgent measures should be taken to eliminate the differential settlement. 
These measures may be as follows: re-distribution of loads on individual footings and 
soils beneath them, and, primarily, regulation of the depth of thawing of the frozen 
soils beneath the structures, which is the most effective measure. 
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However, the latter may be easily done only in cases where heating pipes were in
stalled under the foundations of some parts of the structure (i. e., under those near 
the edges of the structure where the depth of thawing is smallest, especially under the 
foundations beneath the northern walls of structures). 

It is necessary to control the moisture content of soils adjacent to foundations and 
to control the installations made to counteract frost-heaving. This should be done 
both in cases of structures erected under consideration of the gradual thawing of soils 
beneath the structures and in cases when the method of pre-construction thawing of 
soils is employed. Here the same measures should be applied as those described for 
foundations erected by the method of retaining the frozen state of soils. 

In construction practice on frozen soils, the water supply, heating and sewer systems 
have their special characteristics and should be constructed according to a special de
sign (61, 51). The problem is that, on the one hand, the water pipes should be kept 
warm enough to keep them from freezing; on the other hand, near inlets into structures 
the pipes should be insulated in such a way as not to influence the thermal regime of 
frozen soils beneath the structure, especially if the structure is erected by the method 
of retaining the frozen state of subsoils. 

Around the pipes imbedded in soU and acting as heat transmitters a warm zone of 
soils is created which protects them from subsequent freezing. 

However, in considering this problem, it is necessary to recognize the initial period, 
when a larger amount of heat is required to create the warm zone around the pipes. 
Under severe climatic conditions periodic, and sometimes continuous, pre-heating of 
water in the water distribution and sewer systems should be provided. 

It has already been indicated that in the course of recent years special conduits 
(utilidors) have been used in which several pipes could be laid together. In areas ad
jacent to structures it is necessary to arrange special inlets of pipes on hangers placed 
on stockades or on special ventilated platforms. 

The safety of structures built on frozen soils will depend in many respects on the 
correct design of the pipe systems. 

The foregoing general directions concerning maintenance of structures erected on 
frozen soils, if applied in practice, require further detailing and adjustment to local 
conditions. 
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