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Notes by Technical Reviewer 

Some Russian terms have no word-for-word equivalent in English 
and occasional clumsiness is unavoidable. 

A brief explanation of some terms and an outline of Russian 
ideas on soils classification are presented to help in the reading 
of the translation. 

Terms 

Base. The word for "base", "origin", etc. in Russian is also 
used to mean the mass of soil that supports a structure. This is 
usually translated as "base" whereas "subgrade", or a phrase, applying 
to the ground not the structure, would be better. 

Foundation. The Russian word for "foundation" means the part of 
the structure supported by the "base". Quite commonly the best 
translation is "footing". 

Ground. "Ground" in Russian has caused trouble in other trans- 
lations. It strictly means "subsoil" or"ground", never "topsoil". 
It is commonly used ir the plural which makes a literal translation 
difficult. The best translation is usually "soil" or "soils" used in 
the engineering sense. 

Loam. The word "loam" is used here to save writing "mixed fine- 
grained soil". In the USSR these soils are classified very usefully 
and because they give the most trouble with frost action they are 
discussed in more detail below. 

Permafrost Institute. The word "Permafrost" in "Permafrost 
Institute" is more strictly "the study of the frozen condition", but 
the phrase "Institute for the study of the frozen condition", while 
correct, is unusable. "Geocryology" might be acceptable but a good 
Russian word exists for this and is not used in this context. 

Instantaneous. This is a direct translation, (sometimes other 
translations use '“temporal" or "momentary"). It means "in a very 
short interval of time", usually dictated by the testing machine, and 
is often from 5 to 10 seconds. 
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Long-term. This is a direct translation meaning many hours up 
to years (usual). 

Punch. The Russian word is literally "stamp". Sometimes the 
best translation is "rigid footing" but this is not very good for an 
object a few inches in diameter. Where the "stamp" is a ball we 
have used the word "indenter" after hardness-testing terminology. 

Kernel. Near failure in shear a rigid footing on soil usually 
develops a hard, so-called “elastic" wedge or cone of highly comoressed 
soil beneath it, here described by "kernel", which means, literally, 
nucleus, core, kernel, center, etc. 

Silty. In Russian usage, a soil is silty if the proportion of 
siIt-sized particles exceeds that of the sand-sized ones. 

Muddy. The word describes a soft highly sensitive (or perhaps 
thixotropic) soil that has low stability when undisturbed but has 
negligible strength when remolded. 

Soil Tizes 

Name Diam in mm 

Sand >0.05 
Silt 0.05 to 0.005 
Clay <0.005 

The word for "silt" can also be "dust" and some translations use 
"dusty" for "silty" — even "loessial" has been used. 

Soil types (Refer to figure for soils used for this book.) 

Name 

Clay 
content 

% by wt. 

Minimum diam 
of roll in plastic 

limit procedure 
Liquid limit Plasticity index 
(in soils described in book) 

Glina(clay) >30 <1 
Suglinok 30 to 10 1 to 3 
Supes 10 to 3 >3 
Pesok(sand) <3 N. P. 

53-68 23-24 and up 
32-38 12-16 
22-38 1-14 

It will be remembered that 3 mm is the size for the Plastic Limit 
test. Suglinok is variously translated. Here the translation is 
"clayey siltÿ'Toam". Another good translation would be "clayey silt 
with some sand". Supes is translated by: "sandy silty loam". Another 
good translation is ’’silty sand with some clay". 

f^The best descriptions are given by examples (see figure). 

The void ratio of these two soils is usually between 1 and 1-1/2. 
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Another index property is 
the Liquidity Index (1^ = w - 
wp/Ip) well-known in Soil Mechan¬ 
ics. 

IL = 0-"stiff" or "firm" 
0.25-semi-stiff 
0.25-0.50-stiff-plastic 
0.50-0.75-soft-plastic 
0.75-1.0-flow-plastic 
>1.0-flowing. 

Granular soils are described by 
gradation, relative density and 
void ratio. 

Approximate gradations water content, 
liquid limit and plasticity index. 

List of Symbols 

A, A' Deformation modulus 

Tyabin number 

Parameter 

A,v Coefficient of pressure distribution 

B Parameter in the basic creep equation for strength 

at a given time 

Liquidity index 

C A function 

E Young's modulus of elasticity 

Eu Euler number 

F Force 

Surface area of adfreezing 

G Shear modulus of elasticity 

H Abscissa for cycloid equations 

Hm Depth of embedment in permafrost 
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RHEOLOGICAL PROPERTIES AND BEARING CAPACITY OF FROZEN SOILS 

PREFACE 

This investigation is for the purpose of studying the strength 
and stability of frozen soil under building foundations. These 
questions are examined as they concern the rheological processes 
which occur in frozen soil, i.e., the processes of changes of load- 
deformation conditions with time. 

The necessity of such investigations arose as a result of practi¬ 
cal requirements, and the investigations were intended to solve 
several engineering problems. Experimental investigations were carried 
out from 1950 to 1953 at the Igarskii Permafrost Scientific Research 
Station (INIMS) of the V. A. Obruchev Permafrost Institute of the 
Academy of Sciences of the U.S.S.R., together with the Northern 
Project - Exploration Expedition (SPIE) of the Arctic Project (GUSMP). 
The experiments were carried out both under laboratory conditions 
(in the vault of the INIMS, dug in a stratum of permafrost), and 
under field conditions in two experimental areas*. Since the inves¬ 
tigations were related to studying the influence of the time factor, 
part of the investigations were conducted over a period of several 
months, and, in some instances, several years. 

Such complicated investigations were made possible by close 
contact with the Arctic Project, and by the interest shown by the 
management of SPIE and the Arctic Project. 

The Author wishes to extend his deep thanks to all the collab¬ 
orators from INIMS and SPIE who participated in the experimental 
investigations; he expresses his sincere gratitude to N. A. Tsytovich, 
Corresponding Member cf 'the Academy of Sciences of the U.S.S.R., for 
invaluable advice, and to Dr. N. I. Saltykov for the interest shown 
in the investigations. 

* Approximately 1300 individual experiments were conducted under 
laboratory conditions, and approximately 100 under field conditions. 
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INTRODUCTION 

The strength of frozen soil and its resistance to stress cannot 
be considered as fixed properties which are determined once and for 
all. These characteristic properties undergo continuous changes in 
accordance with thermodynamic, physico-mechanical, mechanical, and 
other processes which occur in the ground. One of the most important 
factors other than temperature which causes change in the stress- 
deformation condition of the frozen soil is the time of action of the 
load. In such soils, because of the presence of water both in solid 
and liquid phases, deformations increasing with time arise (phenomenon 
of creep), the stress weakens (relaxation), and a reduction in 
strength occurs with a protracted application of the load. The 
specific rheological processes are quite general in natural conditions, 
both for frozen and for unfrozen strata. Flow of glaciers, solifluc- 
tion, creep of ground masses^ flow of mud streams, etc., are simply 
rheological processes occurring during time intervals ranging from 
comparatively short periods to centuries. The various tectonic dis¬ 
locations, i.e. fold formation, bending of strata^ and other similar 
phenomena, are explained in many instances precisely as a consequence 
of the flow of a deep stratum of rock under the influence of the 
weight of overlying layers. For large values of the average pressure 
in the rock stratum, and for high temperatures, there is an insignifi¬ 
cant difference between vertical and horizontal pressures. However, 
this is sufficient to cause a flow of the hard rock layers which lasts 
for centuries (Gogoladze, 1939; Nadai, 1954, and others). According 
to geophysicists, these situations are realized particularly where 
rock masses of extremely old formation overlie a layer of younger 
geological age (Jeffreys and Gutenberg, 1939). 

Just as often, we encounter rheological processes in the ground, 
perceptible during comparatively short periods, which are commensurate 
with the time for engineering construction; these rheological processes 
lead to the effects of the loading of these buildings. It is well 
known that the long-term settlement of structures is the result of 
flow in the clay soils under the foundations; flow in soils is also 
responsible for the displacements of retaining walls, shore protective 
structures, etc. 

As has been shown in the investigations by N. A. Tsytovich, 
V. G. Berezantsev, M. N. Goldshtein, and others, as well as by this 
work, rheological phenomena occur with particular intensity in frozen 
soil. 

The calculation of rheological effects becomes particularly 
significant in the study of the behavior of frozen soils having a 
temperature close to OC (descriptively called "plastic frozen soil”). 
Such soils are highly plasto-viscous because of the large amount of 
unfrozen water which they contain; under the influence of a load, 
significant deformations develop and the soils quickly lose their 
strength. This condition is very important because "plastic frozen" 
soils are prevalent in many areas important for industry, and on 
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which intensive construction is being undertaken. But even in the 
calculations for construction in areas with severe permafrost condi¬ 
tions ! we must take into account the periodic plastic condition of 
the frozen soils, since foundations are usually laid at a small depth 
below the permafrost table; in the summer, the temperature at this 
depth rises sharply. 

The present investigation plans to explain, on the basis of 
experimental and theoretical investigations, the mechanism of 
rheological processes occurring in frozen soils. Several instances 
of the theory (even if only phenomenological) for the strength of these 
soils, originating from physical representation of the mechanism of 
deformation, will also be examined. The practical purpose of the 
investigation is to determine the strength properties of frozen soils 
and to evaluate the bearing capacity of footings and piled founda¬ 
tions in frozen soils. This analysis is divided into three parts 
according to the problem under investigation. 

In the first part, the general problems of strength and rheology 
of frozen soils are examined on the basis of analysis of the results 
of laboratory experiments which have been conducted. On the basis of 
the above experiments, a hypothesis is introduced concerning the 
physical nature of rheological processes occurring in frozen soils; 
rules characterizing the relation of load, deformation, and time 
(rate of deformation) are determined. The condition of a limiting 
stress state of frozen soils is also examined. In this part, the data 
for the values of the long-term strength, cohesion, adfreezing, tension 
shear, etc. are introduced. 

The second part of the investigation is devoted to the problem 
of bearing capacity of frozen soils when they are used as natural 
construction foundation soils. Results of laboratory and field 
experiments concerning the long-term resistance of frozen soils to 
indentation (foundation models) by a punch are also given in this 
Part. Values of the calculated, permissible pressures on these soils, 
originating from the basic principles shown in Part I, are also 
estimated. 

In the third part, the problems of the bearing capacity of pile 
foundations in frozen soils are examined. Such foundations are 
increasingly used in construction on frozen soils; yet the use of 
piles in frozen soil is almost completely uninvestigated. Limited 
information, mainly on the method of use and rate of adfreeze, is 
available in the literature. In the present investigation, the data 
of the field experiments for determining the long term resistance to 
load and extraction, using piles driven by various means, are shown. 
The value of the limiting load, obtained by the simplest method, is 
determined as the sum of the resistance of the soil along the lateral 
surface of the pile and the resistance under its tip. Formulae for 
calculating thé bearing capacity of the pile in frozen soil are 
introduced, and the calculated parameters for the strength of 
adfreezing, which have been obtained experimentally, are given. 

The investigations were carried out with undisturbed frozen soil. 
Hence, a considerable part was assigned to the field experiments. In 
all the investigations, considerable attention was devoted to frozen 
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soils having a temperature close to OC. In these soils, which are 
of great significance in engineering, rheological processes occur 
with maximum intensity. 
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PART I. STRENGTH AND CREEP OF FROZEN SOILS 

CHAPTER I. BASIC PRINCIPLES 

1. Survey of previous study on strength of frozen soils 

The necessity of studying the strength properties of frozen soil 
was a direct consequence of industrial utilization of permafrost areas, 
ine first large-scale engineering enterprises in these areas, such as 
the construction of the Transbaikal and Amur Railroads (in the 1900's), 
directed the attention of engineers toward the importance of studying 
the relation of frozen soils to construction, as well as the physico- 
mechanical properties of these soils. The problems mentioned above 

in îhe investiBation of N. S. Bogdanov, and were 
reflected in the general construction procedure of V. Statsenko. 
bmce tha4- time, isolated investigators and builders have made 
scattered calculations on the strength of frozen soil. But systematic 
investigations, with broad theoretical generalizations, were initiated 

4.viet Era* wht‘n lndustrial utilization of the North began. In 
Tq?o !ue ^m°ns.monograph of M. I. Sumgin (1927) was published; in 

the first investigations concerned with the problems of calcu¬ 
lating foundations in frozen soils appeared (Tsytovich, 1928). It is 
interesting tonote that because of the complete lack of experimental 
data the bearing capacity of frozen soils was estimated in the earlv 
investigations to approximate the y 
strength of ice. 

'instantaneous' compressive 

For the first time, in 1930, investigations of "Technical Condi¬ 
tions for Designing Structural Foundations in Areas of Permafrost” 
were conducted at the Leningrad Structural Institute; this project 
generalized the experience which had already been acquired for 
structures in these areas. From 1930-1936, systematic experimental 
investigations in the field of frozen soil mechanics were developed. 
These investigations, carried out by N. A. Tsytovich and his 
°°ÍÍabír?íors2 S*.Vo?-°edina* M* L* Sheikov and 0. M. Gumenskaia, 
were of the utmost significance. Simultaneously, the investigations 
h5 Min? ? anv°US compressive strength for frozen soils were conducted 
othï^s1, Evdoklmov‘Rokotovskiy* N* M* Belyev, V. N. Skhepochkin, and 

Experiments for determining the adfreeze strength of soil were 

afteÍehimULfSr ïh%fl?,î-timeDi? 1928‘ by M# Ya‘ «»«rnyshev, and after him by M. I. Evodokimov-Rokotovskiy. The concept of adfreezing 
forces in engineering practice was' introduced. The above problem was 
examined in greater detail in 1930-1936 by N. A. Tsytovich and 
I. S. Vologdina. 

During this initial phase of the development of Permafrostology. 
frozen soil was considered as a brittle solid body, similar to rock 
layers. Thus, the instantaneous strength, i.e. the rupture stress for 
a rapid increase of load, was taken as the characteristic strength of 
frozen soil. These views, which persisted for an extremely long time 
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and continue to persist among many builders even today, are reflected 
in the "Standards for Planning and Construction on Frozen Soil" 
(OST 4555). Issued in 1935, the values of the computed characteristics 
were taken from the instantaneous strength. For this reason, the 
permissible pressure on frozen soils was determined according to the 
specimen strength, disregarding the special behavior of the soil as a 
mass. 

The monograph by N. A. Tsytovich and M. I. Sumgin (1937) was an 
important contribution; the basic principles of frozen soil mechanics 
were formulated, thus creating a new scientific field. In this 
investigation, considerable attention was devoted to the problem of 
stability of frozen soils, hence obtaining a more adequate concept of 
the actual properties of frozen soil. The soil began to be considered 
as an elasto-plastic body capable of developing plastic deformation, 
even under small loads, rather than as an absolutely rigid body. It 
was shown that the compressive yield stresses at which plastic defor¬ 
mation arises are 6-10 times smaller than the instantaneous strength 
for the frozen soil. For determination of the bearing capacity of 
frozen soils under structural foundations, i.e. to determine the 
strength of a plastic medium under a rigid punch, it was suggested 
that Prandtl's formula be used. The fact that this formula has 
preserved its importance to the present despite new refinements proves 
the validity of such an approach. 

In the experiments conducted from 1933-1936 by N. A. Tsytovich, 
N. S. Vologdina and M. S. Sheikov (Tsytovich and Sumgin, 1937), it 
was noted for the first time that a change in the rate of loading 
would affect the ultimate resistance of frozen soils. At that time, 
however, an explanation of this phenomenon had not been discovered, 
and investigators restricted themselves to its observation only. The 
stability of frozen soils continued to be determined by using the 
instantaneous resistance. This approach was kept in use, even in the 
standards of OST 90032-39, up to 1955. In these standards, the value 
of the adfreeze strength and the resistance to shear were computed 
on the basis of "instantaneous" tests (under laboratory conditions), 
and were of course excessively large. To determine the permissible 
stresses on frozen soil, an attempt was made to calculate the influence 
of plastic deformation and also the influence of restrained lateral 
expansion of the soil under the action of a local load. This was 
done by introducing correction factors in the data of the tests for 
three-dimensional instantaneous compressive strength. Such an approach 
was an improvement on the standards of 1935, However, because of 
limitations in the given method and insufficient understanding of the 
problem, the permissible pressures recommended by OST 90032-39 were 
too small. 

Further industrial utilization of the North caused increased 
attention to the investigations of the mechanical properties of frozen 
soils. These investigations were conducted by the USSR Academy of 
Sciences (Committee of Permafrost, then the Permafrost Institute), by 
departmental scientific-investigating organizations and frost stations, 
as well as by large-scale construction enterprises (Dalstroi, 
Norilstroi, Vorkutugal, Glavsevmorput, and others). 

Mention should also be made of the experimental investigations 
by N. I. Bykov and P. N. Kapterev (1940), the monograph by A. V. 
Liverovskiy and K. D. Morozov (1941), which generalized experiments of 
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building on frozen soil, and the books by V, A. Elenevskiv and G. A. 
Nizovkin, K. D. Morozov, and others. Field experiments concerning 
determination of the adfreezing strength and resistance to shearing 
of frozen soil were conducted in Igarka by L. A. Meister and P. I. 
Melnikov (1940). The compressive strength of undisturbed frozen soils 
was determined by the Norilsk Group of KOVM, Yakutsk Permafrost 
Station, and others. Laboratory investigations on stability were 
carried out at the Leningrad Institute of Construction Engineers (LISI), 
and then at the Central Laboratory of the Institute of Geocryology. In 
all these investigations, the influence of time on the stability of 
frozen soils and soil's ability to develop plastic deformations were 
increasingly observed. Thus, in 1937-3940, in the laboratory of LISI, 
special experiments were conducted for determining the yield stress of 
frozen soil for compression, shear and adfreeze. The work by N. A. 
Tsytovich (1940) was devoted to the investigation of elastic and 
plastic deformations of frozen soils. 

Simultaneously, experiments in the field were carried out by 
several investigators. Many interesting experiments were made in 
1936-1940 by N. I, Bykov (Bykov and Kapterev, 1940) for determining 
the ultimate resistance of frozen soils; the experiments showed that 
the actual values are significantly smaller than those obtained in 
the laboratory for "rapid-tests" (included in the 1939 standards). 
However, N. I. Bykov did not give a correct explanation for the causes 
of these discrepancies. He assumed that they were due to inadequate 
calculation procedures, whereas, in fact, they appeared as a result 
of the influence of the time factor (instantaneous loading in the 
laboratory experiments vs. long-term action of the load in the field 
experiments). The excess of the standard values of the adfreeze 
strength and shear resistance was noted also in other investigations 
(Liverovskiy and Morozov, 1941; Saltykov, 1944; and others). The data 
from the experiments by N. I. Bykov were used in 1941 in "Technical 
Specifications Concerning the Investigations, Planning and Construction 
of Railroads in Permafrost Areas." However, because of the limitations 
of the experiments, the values of the adfreeze strength v/ere not 
differentiated according to temperature and v/ere assumed to be iden¬ 
tical for all temperatures ; this is, of course, incorrect. 

The theory formulated by N. A. Tsytovich (1945-1952) for the 
equilibrium composition of water in both solid and liquid phases is 
important for explaining the nature of the cohesion of frozen soils. 
Numerous investigations of this problem were carried out by Jung, 
A. E. Fedosov, M. N. Goldshtein, Z. A. Nersesova, and others. 

In developing the theory of stabil-ty of frozen soils? an 
important role was played by the investigations which considered 
these soils as visco-elastic bodies. For the first time, M. N. 
Goldshtein (1941-1948) applied the theory of relaxation to frozen 
soils. He investigated long-term adfreeze strength as it concerned 
the problem of heaving. On the basis of the data from experiments 
concerning the punching through of piles frozen in the soilj M. N. 
Goldshtein showed that the punching resistance diminished with an 
increase in the time of action of the load. Following Yu. M Ivanov 
(1948), M. N. Goldshtein used, for describing the process of lowering 
stability, the relaxation equation from Maxwell-Shwedoff, and he 
introduced the concept of the limit of long-term adfreeze strength for 
frozen soils. N. I. Saltykov (1944) devoted his work to investigating 
the force of heaving with regard to relaxation, also using the 
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Maxwell-Shwedoff equation. 

Under field conditions, the long-term adfreeze strength of the 
soil with piles was determined in 1941-43 by I. D. Dergunov (1945) 
and I. D. Belokrylov (1944), who conducted extremely interesting 
investigations and showed that, in nature, the time of action of the 
load strongly affects the adfreeze strength. 

In extensive experimental and theoretical investigations, V. G. 
Berezantsev (1947-1949, 1953) studied the long-term resistance of 
frozen soils under a local load., To determine the critical load on 
frozen foundations, he proceeded from the Saint-Venant principle for 
plasticity, but he took the relaxation phenomena into account. This 
introduced into the computational formula a limit for the long-term 
value of the cohesion, wherein it was assumed that the weakéning of 
cohesion obeys the Maxwell-Shwedoff relaxation law. V. G. Berezantsev 
conducted interesting investigations on the long-term resistance of 
frozen soil to punching shear. 

The monograph by N. A. Tsytovich (1952) was a broad study of the 
mechanics of frozen soil, summing up the latest results obtained by_' 
the author, as well as by other investigators. In this last investi¬ 
gation, considerable attention was devoted to the strength of frozen 
soil and to the phenomena of yield and relaxation. As in the 
previously mentioned studies, lowering of the strength of the soil, 
for various forms of resistance, was assumed to obey the Maxwell- 
Shwedoff law. Determination of the limiting load for foundations on 
frozen soils by Prandtl's formula for a plastic medium was suggested, 
introducing, in addition, the long-term limiting cohesion as a 
characteristic property. 

As far as foreign research on the mechanics of frozen soil and 
engineering investigations of permafrost is concerned, it was 
practically non-existent up to the Second World War, if we disregard 
isolated articles on the physico-mechanical properties of seasonally 
frozen soils. This situation changed (in the U. 5. A.; and partially 
in Canada) during the Second World War, and even more in the post¬ 
war period. The American scientist R. Black (Black, 1954) wrote: 
"... it is only in the last few years that the properties of permafrost 
soils have captured the attention of North American scientists. If 
it had not been for the difficulties encountered by our armed forces in 
the Subarctic during the Second World War, the study of permafrost 
would not have progressed with such speed, as it has during the past 
ten years." Muller's abstract (Muller, 1945) can be considered the 
first large-scale investigation published concerning the engineering 
problems; published in three parts, it was largely based, as the 
author himself wrote, upon the studies of Soviet scientists. Later, 
several articles devoted to construction on frozen soils and, in 
particular, to the problems of building foundations on these soils 
were published (Hardy and D'Appolonia, 1946; Barnes, 1946; Carlson, 
194 8 ; Hemstock, 19 49 ; Roberts and Cooke 1950 ; Nees, 19 51; Rathjens, 
1951; Legget, 1951; McKinley, 1952; Waterhouse and Nelson, 1952; Sturgis 
1953 ; and others ). The problems of road construction on frozen soil 
and the. physico-mechanical properties of the soil are considered in a 
special collection translated into Russian*. In 1951 and 1954, Black 

Frost THeriomena in Soil. Collected articles. M. Izd. in foreign 
literatures 1955, 
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(1954) published a new survey; a review article by Terzaghi (1952) 
appeared, whose aim, as the author indicated, was "to give basic 
engineering information which is necessary to predict results for 
permafrost soil work and to adapt a construction project to the 
anticipated changes in the subsoil." A description of the interest¬ 
ing engineering problems encountered in constructing Thule Air Base 
is given by S. Sturgis (1953). Some of the foundations of this 
project were of the pile type, and preservation of the frozen condi¬ 
tion of the soil was assured through natural and artificial cooling. 
In general, wide use of piled foundations is noteworthy in American 
construction practice on frozen soil. 

It must be noted that the investigations of foreign scientists 
on the stability of frozen soils disregarded rheological processes; 
there is, however, an indication in Terzaghi's article (Terzaghi, 
1952) of the fact that frozen soils possess yield characteristics. 
However, this question has not been investigated in detail. 

The investigations conducted in recent years have increased our 
knowledge of the mechanics of frozen soil; they have shown the 
necessity of reconsidering a variety of existing situations which 
require a new approach to the problem of strength in these soils. 
These problems are investigated in the present analysis. 

2. Basic principles for the theory of rheology (survey) 

Before proceeding to an investigation of the special behavior 
of frozen soils, it is advisable to review the basic principles of 
the theory of rheology, since our analysis is based on such principles. 
Such a review will also be useful, since the application of this 
theory to frozen soils is recent. 

The classical theories of elasticity and plasticity consider the 
stress-condition of a body' as stationary, and assume that strains arise 
immediately after the application of a stress, hence excluding the 
time factor. Rheology*, in the widest sense of the term, includes the 
theories of elasticity and plasticity, introducing time as an independ¬ 
ent variable in the stress-strain relationships. In other words, 
rheology, by studying the stress-strain history of a body, must answer 
the question: what are the stresses and strains at a given point of 
the body at a given time? The creep, i.e., the growth of a defor¬ 
mation in time, even for a constant load, is one of the manifestations 
of the rheological properties of a body. For this reason, the process 
of development of deformations can have multiple characteristics 
(Rebinder 1947; 1950). 

For sufficiently_small stresses, smaller than some value x0, 
which is called the limiting stress (or the yield stress), the strain 
approaches a limit as the time increases (Figure la). This process is 
called "elastic after-effect, and sometimes "damped creep." For a 
stress exceeding the limiting value mentioned above, a continuous 
growth of a residual strain takes place, with a transition to a 

* theology is (from the Greek pew-flow, and icfyoç-science) the science 
dealing with the flow of matter; it is a division of physical mech¬ 
anics. 
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steady flow once the elastic reaction is completed (Figure lb). This 
process is called "creep", or "visco-plastic flow."* 

The dynamics of damped creep (Figure la) are characterized by 
the following stages. Immediately after application of a load, an 
initial, conditionally instantaneous (with respect to the speed of 
sound) elastic strain, Y. , arises. Then, as time goes on, the elastic 
strain (so-called by P.-'-A. Rebinder) y6S develops; its rate of 
growth gradually decreases, approaching zero, and the strain approaches 
a certain maximum final value, Yf, for a given stress. Thus, the 
strain of a damped creep after-effect is equal to: 

Y , r Y. + Y 
de i es 

for any time, t.+ 

(1) 

The ideal visco-elastic body exhibits deformations which com¬ 
pletely disappear when the stress is removed; the initial elastic 
strain would vanish instantaneously, while the delayed elastic strain 
vanishes after a period of time. 

The process of creep includes several stages: 

(1) the initial, characteristic formation of instantaneous 
purely elastic strain. 

(2) the stage of non-uniform creep (delayed elastic strain, Y ), 
characterized by a decrease in the rate of strain, approaching a 63 
certain minimum value (part of curve A-B, Figure lb). 

(3) The stage of steady creep where the growth of the rate of 

strain, having reached a minimum value, becomes constant: 5f]>=^Yfi = 

const; this is reflected by the straight-line section of the 
curve B-C (Figure lb). This stage is called visco-plastic (or simply 
plastic) flow, because of its superficial similarity to the flow of 
liquids. 

^ lhe íirst of these terms, creep, is generally applied to solid 
crystalline bodies, whereas the second, flow, is applied to viscous 
liquids, dispersed (colloidal) and high molecular weight systems, 
and others. But the above concepts often become confused. Several 
authors (P. A. Rebinder and others) imply by "creep" only the 
process of slow strain growth, where no breaking of the structural 
bonds occurs. 

t All the discussions and notations for stress and strains x’efer to 
shear, since it is precisely the shear resistance that determines 
the stability and strength of soils. However, the cited formulae 
will also be accurate for other types of simple stress situations, 
provided that the appropriate substitutions of parameters are 
made. As far as rheological mechanisms for complex stress situa¬ 
tions are concerned, we refer those interested to the specialized 
literature (Kachanov, 1948; Ishlinskiy, 1945; Nadai, 1954; Reiner, 
1947; Goldenblat, 1952; and others). 
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Figure 1. Time variations of stress and strain, 
a. Damped creep < t2 < *3 < Tit. b. Un-damped creep 
Tlt < T4 < t5* c. Relaxation stress, d. Reduction of 
ultimate strength, t is shearing stress; t is time; Y is 
strain. 

(4) The stage of progressive flow, characterized by an increasing 
rate of strain (part CD of the curve. Figure lb), leading to collapse. 
For several colloidal media this stage is absent, since a continuous 
restoration of the broken bonds takes place in the flow. 

Thus, up to the transition in the fourth stage, the strain 
during "undamped creep" is equal to : 

(2) 

Here, only the components Y^ and Y of the strain are reversible, 
while Yfi is irrecoverable. es 

The nature of the curves for creep and rate of the visco-plastic 
flow depends upon the load, i.e. the larger the load, the greater the 
speed, and the faster the transition to the stage of progressive flow. 

Another manifestation of the rheological properties of a body is 
relaxation, i.e. the lowering of resistance of the body for a constant 
strain. With the appearance of relaxation, a lowering of the strength 
of the material occurs, i.e. its resistance to failure for the long¬ 
term action of a load. If the load is applied for a short time, the 
creep-strain cannot develop and a brittle break occurs, during which 
resistance to failure, the so-called instantaneous strength t 
(theoretically corresponding to loading with the speed of sound), is a 
maximum. For practical purposes, we are concernea either with the 
instantaneous resistance, or, for a standard rate of growth of the 
load, with a temporary resistance. However, the failure of the body 



CHAPTER I. BASIC PRINCIPLES 13 

can also occur for a load smaller than xinst this load acts, not 
instantaneously, but during a certain time which allows for the 
development of the creep strainj the smaller the load, the longer the 
time necessary for failure to occur (the bearing capacity condition). 
The resistance to such a failure is called the long-term strength. 
It is assumed that for some materials (metals at high temperatures for 
instance), the lowering of resistance occurs infinitely. Calculations 
for stability of such materials are carried put at a given moment in 
the construction operation. Nevertheless, for certain of these 
materials, we assume existence of the so-called limit cf long-term 
strength, xlt. Until this limit is exceeded, failure will not occur 
during the practically realizable period of application of the load. 
On the basis of the experiments conducted, it will later be shown that 
the limiting value is the limit of the cohesive Xf^ for an infinites- 
simally slow failure. Thus, the limit of the long-term strength can 
be considered as the stress up to which the strain becomes constant 
after a period of time. Above this stress, increasing strain arises, 
yielding to failure after a certain period. Lowering the resistance, 
as a function of the long-term action of the load is represented by 
the curve of the long-term strength, plotted as failure stress vs. time 
coordinates. The initial ordinate óf the curve corresponds to x-inst* 
while the ordinate of the asymptote'is 1]^ (Figure Id). The curve of 
the long-term strength can be deduced from the curves for undamped 
creep if they are plotted with t - t coordinates. 

The above processes are non-uniform (Frenkel 1951) and their 
peculiarity lies in the fact thât the same force induces both 
reversible elastic strains, by which the shape of the body is perm¬ 
anently changed. All real bodies possess elastic and plastic proper¬ 
ties, but the evidence of these properties depends upon several 
conditions: pressure, temperature, And interval of time during v/hich 
the process is observed, compared to the so-called "relaxation." If 
a force is applied on water during a time interval shorter than 10“11 
sec, which is its relaxation time, the water will display elastic 
properties. On the contrary, forces*acting on soil layers (the 
relaxation time of which is estimated in milleniums) cause flows of 
these layers lasting for centuries, within the course of geological 
periods. Since the classification of bodies as "elastic," "plastic," 
and "viscous" is a conventional one, we usually resort to a specified 
scheme; we examine certain idealized flows whose deformations 
characterize the conditions investigated for the real flow. The six 
deformation patterns of the simplest flows are shown in Figure 2. 
The diagrams a, b, and c (Figure 2) characterize flows for which no 
influence o'f time on the deformation process is taken into account. 
These diagrams show the stress-strain relation: linear, x=GY , for 
an elastic Hooke body (Figure 2a), and non-linear for a non-linear 
elastic body (Figure 2b). For the elasto-plastic body (Figure 2C), 
the strain obeys Hooke's law until the stress is equal to the yield 
stress X ; thereafter, when x=t=c=const (Saint-Venant's condition 
of plasticity), the strain grows irreversibly for a constant stress. 
Furthermore, the change of the shape of the flow is not accompanied 
by volumetric changes. The graphs 2e and 2f characterize idealized 
viscous flows. The diagrams show the dependence of stress upon rate 
of strain. The ideal Newtonian viscous body (Figure 2d) flows for 
any non-zero stress with a velocity proportional to the shearing stress, 

dv dy 

dr = n dt • X = n (3) 
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Figure 2. Variation of the 
deformation of ideal bodies. 

a. Ideal Elastic. 
b. Non-linear elastic. 
c. Ideal elasto-plastic, 
d. Ideal viscous. 
e. Non-linear viscous. 
f. Ideal visco-plastic. 

where — is the gradient of the velocity, v = ; * is the displace- 
dr dt 

ment along the normal r to its direction: this is equivalent to the 

concept for rate of shear strain ^ = The quantity ^ is the 

coefficient of viscosity*, determined as the slope of the straight line 

dy 
dt =: /( T). 

For several bodies (Figure 2e) 
the rate of strain in non-linear: 

, the dependence between stress and 
the slope of the curve dx 

dt 
/(X) is 

often interpreted as the variable coefficient of viscosity. Many 
bodies (Figure 2f) begin to develop a noticeable flow when the shearing 
stress exceeds a certain limiting value (which we have agreed to desig¬ 
nate by The process of deformation of such visco-plastic bodies, 
according^xo Shwedoff-Bingham, is characterized by a linear dependence 
between rate of strain and excess of stress, 

T - Tit ■ V §£ . (4> 
where is the plastic viscosity. 

The law for visco-plastic flow has had extremely wide coverage 
in practice.+ 

* Measured in poise: 1 poise = 1 

0.00102 ELfoESey.sec-. . 

cm^ 

g(mass) 
cm/sec. 

1 dyn/sec. 

cm 

t The works of many investigators are devoted to the problem of the 
visco-plastic flow: Shwedoff (1889), Bingham (1922), Reiner (1947, 
1949), Rebinder, et al (1947, 1950), Volarovich (1949), Tyabin (1952), 
and others. A survey of these investigations is given in the arti¬ 
cle by Volarovich (1954). 
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For a more general point of view and for more complicated stress 
conditions, reference is made to G. Genka (1948), A. A. Ilyushin (1940), 
M. P. Volarovich and A. M. Gutkin (1946). Although the schemes of 
viscous deformation (Figure 2d, e, f) are for liquid bodies, they also 
describe the behavior of idealized solid bodies, whose tine deformation 
reflects the dependence between stress and steady rate of creep. 

The superficial analogy between the graphs of Y= /(t) (Figure 2a, 
b, c) and dr «... (Figure 2d, e, f) makes it possible to formally 

take over the equations of linear and non-linear elasticity and the 
equations of plasticity for solving the problem of steady creep (flow). 
It is necessary only to replace a strain in the corresponding formulas 
by its first derivative (rate of strain) and to substitute the modulus 
of elasticity in shear by the coefficient of viscosity.* 

The rheological behavior of a body is determined by an equation 
which relates stresses, strains, and their rate of change: 

R(i, Y, ¿1 , ) = 0. (5) 
dt at 

The form of the relationship is obtained from the properties and 
the condition of the body. The diagrams in Figure 2 represent the 
simplest cases, but the majority of actual bodies deform in a more 
complex manner: they have elastic and plastic deformations as vieil 
as viscous deformations which occur simultaneously. For the idealized 
description of the behavior of these bodies, schemes are adapted 
which combine the schemes of Figure 2. In particular, the widely used 
method of mechanical models, where the visco-elastic body is consid¬ 
ered as composed of separate elastic and viscous elements, is very 
graphic (Reiner, 1947; Rebinder, 1947; Ishlinskiy, 1945; Rzhanitsyn, 
1949; Mewes, 1953; and others). 

The elastic elements are modelled by springs which obey Hooke's 
law and the viscous elements are modelled by perforated pistons 
moving in a cylinder filled with a viscous liquid, for which the speed 
of immersion of the piston obeys Newton's Law (3). Depending upon 
the combination of the elements, it is possible to obtain a model for 
any idealized body. The most general is the model of the linearly 
deformed, elasto-visco-plastic body presented in Figure 3. Combina¬ 
tions of the upper cylinder (3) and the pistons (1) and (2) model the 
idealized visco-elastic body capable of both elastic reaction and 
relaxation. The lower cylinder (4) corresponds to the visco-plastic 
flow (Bingham), arising for a load exceeding the limiting stress xlt. 

Let us first examine the visco-elastic deformation. The 
"elasticity"of the piston (1) is the analogy of the initial modulus 
of elasticity G. ; the elasticity of piston (2> is the analogy of the 
modulus of elasticity (developing in time) G_s. The viscous properties 
of elements (3) model the viscosity nes(elas^ic after-effect). The 

*' 'ThT coefficient of viscosity for tension or compression for an 
ideal elasto-plastic body is related to the coefficient of 
viscosity for shear by a relation which is analogous to the 
relation between the modulus of elasticity in tension and the 
shear modulus; E = 3 G. 
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general modulus of the deformation of all the systems will be variable 
in time, changing from the initial value G¿ to the final limiting 
long-term value G^, 

(6) 

By examining the operation of a model, the equation for the linear 
deformation of an ideal visco-elastic body can be obtained; this was 
carried out by Hohenemser and Prager (Hohenemser and Prager, 1932) and 
examined in detail by A. I. Ishlinskiy (1945), A. R. Rzhanitsyn (1949), 
and others, 

dY df 

"Gi « * V = ’4 " 3! (7) 

where n = nes is the relaxation time. 

Gi + Gf 
Integrating equation (7) for Y=const, we 

relaxation law, according to which the stress 
maximum initial stress to some final value 

t 
T = Tf + (Ti _ Tf) g - ^ , 

obtain Maxwell-Shwedoff's 
decreases from the 
Tf(Figure 1c). 

(8) 

where t is the stress at any given time. 

Integrating equation (7) for T=const., we obtain the law of 
elastic after-effect (Figure la), 

Tdc “ 1f ” v Tf 'i 

where y 
Yf are 

(period) of reaction (m > n). 

„t 
m = Yf - (Yf - Yi) e (9) 

¿P is the strain of the after-effect at any given time; y. and 
the initial and final strains, and m = n Gi 

7T" is the time 
Gf 

From the solution of equation (8) for t=n, it is apparent that 
the relaxation time corresponds to the time for which the difference 
between initial and final stresses decreases by a factory. ( = 2.72), 
i.e. when t-T£=0.368 (t^-t^.). This parameter characterizes the rate 
of relaxation: the larger n, the faster the stress decreases. 

There are simpler laws for particular cases of equation (7). For 
G. =* and n=0 (but nG=n), we obtain the equation for a visco-elastic, 
non-relaxing body,* T=Cf+n ¿1 , described by Kelvin’s model (the 
elastic element (2), in dt parallel with the viscous element (3) 
of Figure 3). Let us note that the detailed model was used at the 
same time by K. Terzaghi and N. A. Gersevanov to describe the consoli¬ 
dation of soils. For Gf=0, we obtain Maxwell’s equation of relaxation 

T+- • £L =0-^- • BV solving this equation, it follows that, for Y=const, 
G dt dt 

lowering of the stress occurs not down to the final limit ^(this 
correction was introduced by Shwedoff) but down to 0; the model of 

* Mon-relaxing, since for Y= const, we obtain t= const. 
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such a body is obtained by the elastic element (1) in series with 
the viscous element (3), 

A. P. Bronskiy (1941), proceeding from the Boltzman-Volterra. 
integral equation, obtained an expression for relaxation which differs 
from equation (7) by the more complicated aspect of the exponent, 

_(£)<* 

i = xf + - Tf) e n ; (10) 

an analogous equation for the after-effect was also obtained. The 
formulas are developed for rubber (Bronskiy, 1941) and wood pulp 
(Ivanov, 1 rj48) , and independently derived by another method for metals. 

Let us now examine the process of permanent deformation (creep) 
which arises when the stress exceeds the limiting value The 
above process can be modelled by the supplementary addition of the 
viscous element (4) with a coefficient of visco-plasticity npv» as Is 
shown in Figure 3. 

This element is included in the operation only in the event that 
the load exceeds Tlt, which in modelled by the retarding device (5) 
(dry friction).* 

figure 3. Mechanical model of an elasto- 
plasto-viscous body. 

(1) Elastic element 
elasticity Ji 

(2) Elastic element 
elasticity Jes 

(3) Viscous element 
viscosity nes 

(4) Viscous element 
viscosity ripy 

(5) Blocking device 

with a modulus of 

with a modulus of 

with a coefficient of 

with a coefficient of 

modeling 

After Tlt is exceeded, the upper system begins to sink continu¬ 
ously into the cylinder (4), with a constant rate 

dY . _ii 
3t n ’ . pv 

corresponding to Bingham's model of visco-plastic flow. 
In addition, the strain of the whole system is composed of the sum of 
elastic deformation and the flow, Ycr " Ydc + Yfl* 

The value of Yqc is determined from equation (9). The value of 
Yfl is obtained from the integration of equation (4). Hence, 

-1 
m 

Ycr = Yf - (Yf - Yi} e + t* (11) 
npv 

7t—Modelled" rigorously for a constant of infinitesimally slow loading; 
for a varying load, the retarding device must model, depending 
upon the rate of loading, the yield limit-or the constant value of 
the limiting deformation. 
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An dnalopous equation was derived by P. A. Rebinder and others 
(Sepalova, Rebinder, Senteryukhina, 1951); it was derived in another 
form by V, I. Likhtman (1950). 

, The mechanism of lowering stability of an ideal elasto-visco- 
plastic body can be obtained by examining the processes of permanent 
deformation. Assuming that the rate of strain is the sum of the 

dy 1 dT 
elastic rate of strain ers = 7 * TT and the visco-plastic rate 

dY dt Gf dt 
of strain f1 determined by formula (4), we have 

dt 

dY . 1 

V* 
Integrating this expression for Y=const, we obtain the relation¬ 

ship between failure stress x and time _t_ (where failure occurs). 

T Tlt ^ Tinst T1t) 
< 12 ) 

where Tinst and Tit are* respectively, the instantaneous and limiting 
n 

long-term strength, and n = -£! is the time (period) of reduction of 
strength, or actual Gf relaxation time. 

Equation (12) was obtained in 1938-1942 by Yu. M. Ivanov (1948), 
who proceeded from the assumption that the curve of the long-term 
strength can be considered as the limiting relaxation curve for 
rupture stresses. This equation was also used by M. N. Goldshtein 
(1948) to describe dependence of the adfreeze strength of soils upon 
time : up to failure*, it was generalized by N. A. Tsytovich (1952) 
for other aspects of the strength of frozen soils under long-term 
loading. ^ 

Substituting e n = z and writing formula (12) in the form 
(Berezantsev, 1953), 

Tqt = T ~ Z Tinst , (13) 

1 - z 

we can compute the quantity of greatest interest to us, i.e. the limit 
of long-term strength. Since direct determination of z_ is complicated, 
V. G. Berezantsev proposed determining ¿ by the value of Tinat» known 
experimentally, and by two values and T2 for given times t^and t2, 
which are related to one another by the condition 2ti=t2« For such a 
relationship of the quantities, the value obtained for ¿ by S. S. Vialov 
and V. M. Faintsimmer is equal to z = Ti _ T, 

Tinst - t ■ 

The equation for the reduction of strength assumes a more com¬ 
plicated form if we proceed from A. P. Bronskiy's equation (10): then, 

S Tlt + ^ Tinst 
- T 

ltJ 

t a 
(I) 
n 

(14) 
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An equation which is somewhat different from (12) was suggested 
by V. N. Bykovsky (1951, 1954), who assumed that the stability of a 
body is determined by the elastic framework. Consequently failure 
will occur when the stress in element (2) òf Figure 3 reaches the 
limiting value Tit = VGf . Substituting this value in formula 
(9),we obtain 1 

T 

T = -- , (15) 

1 - U- —Liï->e ~l 
T . 
inst. 

or 

T 

1 

T 
It 

(1- 

inst. 

6 

e 

(16) 

if we use equation (9) with the more complex exponent (according to 
Bronskiy). The nature of formula (15) differs from formula (12) in 
that the latter considers the time of failure to be determined by 
growth of a permanent plastic deformation, whereas the former considers 
the beginning of this deformation. In the limit for t+0 and t+-, both 
formulas coincide; it follows from both of them that 

Tinst. _ 

Tlt Gf 

Using this relation, V. '1, Bykovskiy (1954) proposed determining 
xlt by using the data from experiments of a relatively short duration 
for behavior with continuous loading up to failure. 

The mechanical models examined and the equations related to them 
(7-16) are only conventional descriptions of the real system and 
characterize only the qualitative aspect. They give only a poor quan¬ 
titative agreement with the experimental investigations for the 
majority of real bodies. Primarily, this is because parameters n and 
iS, are actually variable (Rebinder, 1950 ; Dogadkin and Reznikovskiy, 
1951; Likhtman, 1950, Tozovskiy, 1951). 

As recent investigations have shown (Mikhailov and Rebinder, 
1955), all systems based on the type of relationship that exists between 
the so-called effective (structural ) viscosity and the shear stress 
can be divided into liquid-form and soild-form (Figure 4). For liquid- 
form bodies, the effective viscosity n(T) varies for an increase of 
the stress, and takes at the limits constant values Hq and n . In 
addition, Hq corresponds in practice to a non-collapsible structure 
and n corresponds to a collapsible structure*. The relationship 
between shearing stress and rate of steady flow for such bodies is 

* The coefficient oí viscosity remains constant, except 
ence upon t, only for Newtonian liquids. 

for depend- 
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characterized by an equation derived from the so-called theory for 
rate of chemical reactions, based on statistical mechanics.* 

It = ASh , (17) 
T 

_U 

where A=i_ _ kT and T*=— are the constants of the medium, depending 
t 6 u 

upon its ^absolute temperature T. The parameters entering into this 
expression are: 

и, the activation energy necessary for formation of "holes" 
(according to Frenkel) between the particles; 

к, a constant; 

tg, the minimum rest time of the particle, and 

w, the molecular volume. 

For we obtain Shi- , and formula (17) becomes a for- 
w T 

mal analogy of Newton's law. 

Figure 4. Rheological curves for liquid-form 
bodies (a) and solid-form bodies (b), according 
to N. V. Mikhailov and P. A. Rebinder (1955). 

Formula (17) shows the dependence of viscosity upon t; this is 
explicit in the following equation by N. V. Mikhailov, which can be 
considered as the equation of the complete rheological curve, 

T 

n = nn + (n0 - nn) —. 
Sh (^t) 

■r 1Í k ^ 0 

fer t -* 0, n -*■ nn = -r- = —— Te = const, and for t , n -► n " con ’ U A u ’ m 

In practice, tdie limit of the yield is the stress for which an 
abrupt change of viscosity, i.e. rate of deformation, occurs; this is 
determined by the point of inflection in the curve 1 - a = -ft t ) , where 

* See Eyring, 193C; Frenkel, 1951; Mikhailov and Rebinder, 1955. 
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Rigid-form bodies are characterized by an intermittent change 
in the rate of flow and by a correspondingly abrupt fall in the 
effective viscosity for a certain value of the stress. This makes 
it possible to use the (practical ) concept of a limit or yield stress 
for these bodies. For bodies which P. A. Rebinder and N. V. Mikhailov 
called truly elasto-plastic, the above-mentioned value coincides with 
the limit of elasticity. Until it is exceeded, the deformations have 
only a resilient or elastic character (damped ci'ep), and no flow is 
detected in practice (by using existing methods of measurement). The 
question of existence, in principle, of such a flow Cfor time intervals 
measured in centuries) has not been answered as yet. For certain 
bodies, which are said to be almost plastic, a flow is observed even 
for very small stresses, and although it is extremely slow, it can 
still be measured upon failure of the structure.* When the stress 
exceeds the yield limit (t^), a sharp intermittent increase in the 
rate of flow and a large drop in the viscosity occur. For a rigid- 
form system (either actually or almost plastic), N. V. Mikhailov and 
P. A. Rebinder reconmerided using the concept of maximum plastic vis¬ 

cosity npv this corresponds to a creep-type flow in a 

system which is generally non-collapsible for stresses larger than 
They also recommended using the concept of minimum plastic viscosity ^ 

nm “ T~T^ » which corresponds to the flow for a generally collapsible 

structure in the presence of large velocity gradients that occur 
when the stress exceeds a second dynamic limit t (Figure 4). 

Besides the mechanism examined, various technical theories for 
creep adapted from descriptions of the deformation process with time 
for metal are widespread.' Almost all these theories are based on 
the assumption that a non-linear dependence exists between stress 
and steady rate of creep. The curve which characterizes this depend¬ 
ence proceeds from the origin of the coordinates; this corresponds to 
the computed scheme (Figure 2). Because of this fact, only the process 
of permanent deformation is considered. The most widely used empirical 
relations between stress a** and steady rate of creep dc are either 
the"common relation" ^ - a0“* or "hyperbolic dT relation" 

= ASh —i which corresponds to Eyring's equation (17). 
dt g 

The equation of deformation, which describes the entire growth 
process of the deformation according to one of the existing theories 
of creep (the so-called theory of yield), can be obtained by summing 
the elastic and plastic rates of strain (Kachanov, 1949), 

* This deformation is called "creep" by the author. 

t A vast literature is devoted to these theories: Oding, 1949; 
Rabotnov, 1948; Madlinin, 1949; Kachanov, 1949; Goldenblat, 1952; 
Arutyunyan, 1952; Nadai, 1954, and others. 

** We are usually concerned with normal stresses for the theory of creeps 
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de 
cTE A(t)oa, 

where A(t) is a function which corresponds to the rate of creep for 
a stress equal to unity. 

The function decreases with time and approaches an asymptotic 
limiting value A-*Af=const (for t-*-«), which corresponds to the 
minimum constant rate of strain for steady creep. The properties of 
the medium under study can be represented by Maxwell's model (the 
series connection of the elastic element (1) and the viscous element 
(3) of Figure 3), but with a variable value for the coefficient of 
viscosity n, i.e. the liquid in cylinder (3) is assumed to thicken. 

According to another theory (theory of"age-hardening"), the 
relationship exists between strain, stress and time (this relation 
being clearly time dependent),* 

e = e lim ’cr “ + Î F. 
A(t) oa dt, 

rather than between rates of strain and stress. 

Several authors (Yoh-Han Pao and Marin, 1953) divide the strain 
into three parts instead of two: resiliènt, elastic (unsteady creep), 
and flow, 

0 t t 

c“elim + Eel + Et “ ËI + { A<Bo°‘Eei) dt + { D ^ dt* 

For simplicity, many authors replace the curve which character¬ 
izes creep by a broken straight line that consists of a vertical 
section, coinciding with the vertical axis and an inclined section. 
In some cases (Odquist and-Folke, 1953, and others), the first section 
replaces the instantaneous and (delayed) elastic deformationi in 
others (Mahinin, 1948; Yoh-Han Pao and Marin, 1953), it replaces only 
the instantaneous deformation and disregards the elastic part. 
Finally, many authors consider only the stage of steady creep, i.e. 
they examine the linear part of the deformation curve and disregard 
both the instantaneous and the "elastic" deformations. 

At present, the so-called theory of "hereditary creep," based 
on the integral equations by Volterra-Boltzman (Volterra, 1932), is 
gaining increasing importance. For our purposes, the theory of non¬ 
linear hereditary creep suggested by Yu. N. Rabotnov (Rabotnov, 1948; 
Zhukov, Rabotnov, Churikov, 1953) is of great interest; we shall 
discuss it more extensively later. 

Equation (7) for the linear deformation of idealized bodies, 
derived from an examination of the simplest models, can give only a 
general, qualitative representation of the character of rheological 
processes in frozen soils. The peculiar behavior of bodies with as 
complex a natural history as frozen unconsolidated deposits does not 
permit using elementary mechanical schemes with the laws corresponding 

* ^or a constant stress, the formulas for flow theory and "age¬ 
hardening" theory give identical results. 
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to these schemes. Therefore, the most important tasks in the present 
investigations consist of studying the rheological processes which 
occur in frozen soil, of determining the possibilities and limits of 
validity in the classical equations of rheology, and developing the 
characteristic mechanisms which describe the actual processes that 
occur in frozen soils. These investigations are necessary since the 
equations for deformation of idealized bodies yield no solutions which 
agree qualitatively with the experimental data, and since they also 
do not reflect the actual processes. The problems mentioned above 
will be examined later in this investigation. 

3. Purpose of the experiments and conditions under which they 
were conducted 

The experiments were intended to 

(1) study the physical phenomena which occur in frozen soils under 
the action of an external load; 

(2) formulate the laws of rheological processes which occur in 
frozen soils *, 

(3) determine the stability characteristics for frozen soils 
and explain the dependence of these characteristics upon the properties 
and conditions of the soils, and 

(4) evaluate the bearing capacity of frozen soils under footings 
and piled foundations. 

To attain these objectives, the investigations included: 

(1) laboratory tests on samples of undisturbed frozen soils for 
basic, simple forms of stress conditions (resistance to shear, tension 
compression, determination of cohesion, adfreeze strength, etc.); 

(2) experiments on frozen soils to determine the strength under 
punching by stamps in field and laboratory conditions, and 

(3) field and laboratory tests of piles driven into frozen soils 
for load capacity. 

From the experimental data, a relationship among stress, strain, 
and rate of visco-plastic flow was obtained, as well as the mechanism 
for reduction of strength and values of the limiting long-term 
resistance of frozen soils under stresses. Each experiment consisted 
of several tests, both of short-term duration Cup to 2 hr) and long¬ 
term duration (up to several months, or even years), 

A description of the purpose and methods used for the experi¬ 
ments on the punching by stamps and the testing of piles are given, 
together with the results obtained, in the second and third parts of 
the present study. In the present section, the conditions of the 
laboratory experiments related to the problems examined in the first 
part will be described. These experiments consisted of: 

(1) investigation of the cohesive forces by penetration by 
spherical indenters. The experiments were both short-term (from 
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30 min to 8 hr) and long-term, i.e. until complete cessation or the 
strain occurred (half a month to 1-3 months, or more); 

(2) investigation of the adfreeze strength of the soil, using 
the lateral surface of wooden rods (similar to piles). The experi¬ 
ments consisted of the punching through and retraction of the rods; 

(3) investigation of the resistance of frozen soils to tension; 

(4) investigation of the resistance of frozen soils to shear. 
These experiments were conducted on the shearing apparatus of the 
Gidroenergoproyekt (Hydraulic Energy Project), and 

(5) investigation of the compressibility of frozen soils under 
loads where no lateral expansion was possible« The experiments were 
conducted by using standard "compression" apparatus, but with 
strengthening of the machine, since the loads reach 20 kg/cm2. 

The investigations were conducted* at the Igarskiy Permafrost 
Station underground laboratory, which was built in a stratum of 
frozen soil at depths that ranged from 6-14 m. The great advantage 
of conducting the experiments under such conditions was the capability 
for maintaining a constant negative temperature (different for each 
room) in the laboratory rooms. This made it possible to conduct 
long-term experiments. In one of the rooms, ã temperature of -4C, 
with an annual fluctuation of + 0.4C, was maintained. In the second 
room, the temperature was -1.2C, with a fluctuation of t 0.2C. In 
the third (at a depth of 14 m), the natural temperature of the 
permafrost stratum, i.e, -0.4C with a fluctuation of í 0.1C, was 
preserved. In addition, supplementary measures were taken to insulate 
the samples. 

The investigations with apparatus of small size end using small 
samples were conducted in special glass-covered niches built in 
the walls of the underground rooms. Several of these experiments 
(penetration and extradtion of model piles, and also punching by 
stamps) were conducted with large blocks of frozen soil ( 30 cm x 

Cm * and 30 cm x 30 cm x 15 cm) that were embedded 
in the floor of the vault. This was achieved by making small holes, 
placing the blocks in them and filling up the gaps with semi-liquid 
soil to assure subsequent freezing of the blocks. The free surface 
of the soil was covered with sawdust to protect it from the air. 
The procedure mentioned above, which does not affect the properties of 
the tested soil, had several essential advantages: 

(1) the testing conditions of the soil approximated actual 
conditions (the possibility of limited lateral expansion); 

(2) the possible short term fluctuations of the air temperature 
in the chamber, due to the presence of people, were not reflected on 
the temperature of the embedded soil, i.e. maintenance of a completely 
constant temperature was assured; 

* 1. Pimenova, Technical Associate at INIMS, M. V. Krasnianskaya, 
Sh. Z. Fatkulm, N. E. Fedotov, Research Assistants of SPIE and 
INIMSi and otherst took part in these experiments« 
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(3) protection of the soil from the air was assured, and 

(4) it was possible to use a simple lever apparatus instead of 
factory punching machines, which we possessed in a very limited 
quantity; this made it possible to run a large number (up to 30) of 
long-term experiments simultaneously. 

Several of these devices aided the investigations and were 
standard; some were designed by the author and built in local work¬ 
shops. The method of investigation will be described in more detail 
in the proper paragraph of this work. Let us introduce here only the 
main basic features. 

The investigations on the long-term strength of frozen soils for 
those types of stress-condition where failure can be recorded, i.e. 
pulling out of bars, tension, etc., was accomplished by testing 
several samples (not less than 7-8 stamps) under constant loads. 
These loads differed for each sample, starting from loads which 
caused instantaneous rupture_ and ending with long-term loads which 
did not cause rupture. The first sample was loaded with a rapidly 
increasing stress, as a result of which instantaneous resistance was 
determined, A smaller load, whose value was 25-50% of the instantan¬ 
eous ultimate load, was applied to the next sample. This load also 
caused rupture, not instantaneously however, but after some time. 
For each subsequent sample, increasingly smaller, constant loads were 
applied, and consequently the time to rupture increased. Finally, for 
a certain load, failure did not occur, no matter how long the load 
acted. 

As testing of these samples under constant loads was being 
conducted, experiments on one of the samples were also performed 
for a gradually increasing load. This method was vital to the experi¬ 
ments when the" time of collapse was difficult to record, or when a 
sufficiently large number of uniform samples was difficult to obtain. 
For these experiments, the load was applied in equal stages. Between 
two consecutive stages, the strain was allowed to become constant; 
this process was repeated until yield occurred. Even after a perma¬ 
nent strain appeared, thus indicating that the limiting long-term load 
had been exceeded, the load was increased further_until it caused 
complete failure of the sample. Each step was maintained until a 
constant rate of strain had been established. In view of the long 
duration of such tests, some experiments of a cumulative nature were 
conducted for reduced intervals of time, equal for all the steps of 
loading. 

The strain was recorded in all experiments. These measurements 
were taken with a dial type strain gauge with divisions spaced at 
0.01 mm, (and for the "verification" experiments at 0.002 mm). In 
addition, servo-mechanisms were used in several tests (particularly 
for those tests where the time of failure had to be recorded). The 
strain was considered to have reached a stable value when, within the 
limits of possible reading precision, i.e. 0.002—0.005 mm, no variation 
occurred during the course of 10-15 days. To verify the constant strain 
and the absence of failure, certain samples were loaded with no change 
in the indicator reading for several months, and even for more than 
a year (in one case for more than 6 years). 
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the investigations were relatively new, considerable 
attention was devoted to developing operational methods. 

The inyestigations were conducted with undisturbed soils «»vt-riaoi-oH 
from holes in 30 cm x 30 cm x 30 cm blocks. To include the larS? 
possible numberof different types of soil, the blocks were taken from 

AltOEetheï^S^diff 3t Ji5ferent.dePÎhs and stratigraphic levels. 
5 ¿ 3c dlffere,}t types Of soil were tested; they can be 

grouped into 6 categories: heavy clay (varved); heavy silty loam- 

and sand^^Separate^n vesti gâtions 'werehconducted°with6icë ïïÂ 

characteristics of ^'soUs^areli^n'in rille ?hanical 
phase composition of the.water in^^eraî ofÍhes4 sfLTre^ in 
If1 2,n*T ^ repetition, the data on these soils, as well as 
the results of laboratory experiments examined in the second part'of 

given inefbíeVl?*1Eatl0n (resistance to Punching by stamps), are also 

For convenient use of the tables, the number of experiments 
carried out »ith a given type of soil'is show” in ïhe ïa" "o"Sn A 

(=oíXi2í,n“eã^n|tin?em “aS f°r 8a0h Set °f •’’■I’"4'»“"* 

mp-hhrhHradTt;i'0n °í the soils.was determined by the Sabanin-Robinson 
off'V • To avoid overcrowding the tables, the data on mechanical 

classification) Sïfthï abrí;dEed form According to a trinomial 
of the iff ?n f f numbers rounded off. The phase composition 

used at JírpéímS^Íñsíuute“-”1"6' by the 0al0rilMtric 

oi1+ The characteristic property of the soils tested was their lara* 
silt content (this applies to most permafrozen unconsolidated E 
deposits). As a rule the content of particles of oVoS to 0 005 
consists of approximately 40% clay, and 50 to 65% sandv loam anri ir, 

!°£xef=rPïir. Tàble 1. Increase3?^ the^iasticity * 
index for these soils, particularly for sandy loams, is obviouslv V 
this èn? ï the influence of the silt content, foi ¿îayey sons, 

13 Thus p r;r;es iro”.12 to 16 ¡ Sor sandy loam, from 8 to 
index as Íecommen^lí ^e0iSaSt:^”ëeaënCr?LnhE„ÎLr?o„PërtÎSÏy(N and 

¿i 2 “ ripîr^°*^>-ay”O«--C-eëEtÎë„0^i Hi 

ÎSde^LsVïÎan0^ t<>,al °f “ bl<>Cks °f haa^ t“i^ 

Experiments for developing initial basic principles were conducted 

?s« ërpîi«îiëBtë?ïeëforhsienifica’,t 

fvf tn °f Struc^re- The natural moisture conteffhlsí Ks 
given m Table 1, usually equalled 25 to 35%, but was occaîionauj 35 ’ 

* ^®,^?ncerning the soils in the experiments conducted under field 
conditions are given in the appropriate chapters. 
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to 45%.* The liquidity index, IL = “““P , is less than unity in 

most cases (17 out of 26). In this ^equation, j^is the natural 
moisture content; u is the plastic limit, and I is the plasticity 
index. P 

The influence of ice inclusions was investigated with special 
attention. These investigations were carried out both in the 
laboratory using blocks of soil with various ice lenses and under 
field conditions. The results are examined in the second and third 
parts of this work. Among the soils examined, the Igarskiy yarved 
clay played a special role. This clay consisted of alternating 
layers of different grain sizes, from heavy clay to si]t.. In the 
upper levels, the clay varves had a large content of ice inclusions. 
The number of these inclusions decreased with increasing depth while 
the width of the lens grew and reached 10 cm or more. The data on 
the physico-mechanical properties of clay varves, with respect to the 
mineral layers, are given in Table 1, i.e, the ice inclusions are 
disregarded. These layers differ only by their large density. Thus, 
their liquidity index varies between 0.4 and 0.1; this characterizes 
the condition of the soil after thawing from firm plasticity to 
almost rigidity. 

Another characteristic, which indicates the high degree of 
consolidation and hardening of the mineral layers of varved clay, 
is that these soils neither swell nor crumble, either on thawing or 
on soaking. Therefore, as will be shown later, varved clay soils of 
glacier-lake origin (the Igarskiy type) possess very high stability, 
despite their large content of unfrozen water. This is an exception 
as compared to the usual fine grained frozen soils, whose stability 
is generally smaller than that of coarse-grained frozen soils. 

"From this point, the moisture consent will be given as a percentage 
of the dry soil weight. 
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Table 1. Physico-Mechanical 

Type and 
origin 
of soils 

Depth at 
which 
sample 
was taken 

m 

Mechanical 
composition, % 

Size, mm 

Sand 
>0.05 

Silt I Clay 
0.05 |D.005 
-0.005 

Liq¬ 
uid 

limit 

Atterberg 
Limits 

Plas 
tic 

limit 

Plas¬ 
ticity 
Index 

X 
« 
T3 
C 

•H 
•a 
•H 

3 
O* 

u 
e 
P 
« 
» 

df> 

U 
« * 
H >, 
3 P 
O -H 
« O 
r~i It} 

o o. 
£ <0 

o 
E 
3 
£ 

•H 
X 
« 
X 

Silty 
varved 
clay 

( glacial 
lake 
sediment) 

The same 

8.0 0.3 56,7 43 53 30 23 

14.0 37 62 65 31 34 

The same, 
remolded. 

Varved claj 
(glacial 
lake sedi 
ment) 
The same 

(eavy 
silty loan 
(alluvial 
sediment) 

14.0 

3.25- 
3.55 

6.45- 
6.75 

1.8- 
2.0 

0.1 

37 

47 

39 

63 

62 

51 

61 

29 

65 

61 

68.5 

38 

31 

29 

29.5 

22 

34 

32.5 

29 

16 

38 0.38 27 

35 0.11 27 

42 

37 

40 

36 

0.3 

0.26 

0.35 

0.83 

27 

20 
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Characteristics of frozen soils 
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Table 1. Physico-Mechanical 

Type and 
Origin of 
soils 

Depth at 
which 
sample 
was taken 

m 

Mechanical 
Composition, % 

Size, mm 

Sand 
>0.05 

Silt 
0.05 
-0.00 

Clay 
f0.005 

Atterberg 
Limits 

Liq¬ 
uid 

Unit 

Plas 
tic 

linit 

- Plas¬ 
ticity 
index 

•rt 

•o 
•H 
3 
O' 

•H ►J 

u 
V 
V 
<0 
5 
u 
<a 
3 
O - 
« >. H 4-> 
0 *H 
e O 

(fl 
e c. 
3 <0 
£ O 

•H 
X 
« 
s: 

Medium silt^r 
loam (al¬ 
luvial sedi 
ment) 

Light silty 
loam (al¬ 
luvial) 

The same 

The same. 

Heavy silty 
sandy loam 
(recent sui|- 
face deposit) 

Heavy silty 
sandy loam 
(recent suri 
face deposit) 

Heavy sandy 
loam ( recent 
surface de¬ 
posit) 

2.3- 
2.6 

4.2- 
4.5 

6.4- 
6.7 

7.9- 
8.2 

1.05- 
1.40 

3.0 

1.2. 
1.5 

25 

26.5 

34.5 

41 

25.5 

33 

55 

59 

61 

54.5 

47 

65.5 

61 

39 

16 

12.5 

11 

12 

36 

37 

33.5 

32 

58.5 

36 

22 

21 

23.5 

21.5 

20 

45 

25 

18 

15 

13.5 

12 

12 

13.5 

11 

44 

38 

30 

28 

47 

30 

20 

1.5 

1.3 

0.7 

0.7 

0.15 

0.42 

0.5 

17 

13 
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CO 
E 
Ü 

QJ 

■M 
•H 

cn 
S 
'V 

03 
c 

co 
Ê 
Ü 

Dû 

C 
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•H 
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& 
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>> 
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•r» 
0) 
s 
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Cu 

o 
•rt 
4-> 
<0 

X» 
•r-t 
O 
> 

•H 
c 
D3 

C 
O 
(II 
B> 
O 
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Number of experiments carried out with 
a given soil while testing for: 

c 
0 

•rí 

in 
<0 
r. 
o 
0 

•o 
< 

c 
0 

cn 
c 
V 
H 

(4 
« 
« 
to 

c 
o 

•rt 
in 
m 
V 
b 
0. 
E 
O 
O 

>» 
J3 
C 
O £ 

•rl O 
V c 
*Ti 3 
»4 P. 
+* 
« 
c 
V 
0* 

2.68 

2.77 

2.78 

2.78 

2.49 

2.65 

2.7Í 

1.73 

1. 85 

1.7 

l.sO 

1.64 

1.77 

2.03 

1.20 

1. 34 

1.2 

1.42 

1.12 

1.3C 

1.69 

55 

52 

55.5 

49 

55 

53 

39 

1.23 

1.08 

1.26 

0.96 

1.22 

1.15 

0.63 

5.8 

4.8 

4.9 

3.1 

15.6 

3.6 

4.4 

45 

26,27 

146,189 

258,259 
260,261 

215 

28,29 

13,21 

137 211 

15 
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Type and 
origin of 
soils 

Heavy silty 
sandy loam 
(surface 
deposit) 

The same 

Heavy silty 
loam (al¬ 
luvial 
sediment ) 

The same 

The same 

The same 

Heavy sandj 
loam(alluv: 
sediment) 

The same, 
silty 

Light sand} 
loam (al¬ 
luvial sed: 

Table 1. Physico-Mechanical 

Depth at 
which 
sample 
was taken 

m Sand 
>0.05 

Mechanical 
Composition, % 

Size, mm 

Silt 
0.05 
-0.005 

Clay 
(0.005 

Liq¬ 
uid 

limit L 

Atterbeng 
Limits 

Plas 
tic 

imit 

F3as- 
ticity 
index 

c 
« 
c 
o 
o 

3 
•w 
(0 

•H 
O 
E 

<0 
u 
3 
W 
« 
z 

X 
« 
•o 
c 
•H 

>. 
•P 
•H 
TJ 

3 
C 
•H 
J 

(4 
« 
P 
« 
3 
U 
« 

rH dP 

3 
a « 
« >» 
H P 
O-H 
E O 
^ •O E a 
3 « 
Ë o 

•H 
X 
ft 
X 

2.0- 
2.3 

3.0- 
3.3 

4.9- 
5.2 

7.6- 
7.9 

4.5 

26 

30 

30 

42 

4.25- 
4.55 

al 4.85- 
5.15 

5.45- 
5.75 

3.05- 
3.55 

ment) 

30.5 
plus 
gravel 

1.0 

26 

65 

60.5 

59 

50 

61 

9.5 

11 

7.5 

38.5 

31.5 

32.5 

27 

33 

24 14,5 

20.5 11 

20.5 

17.5 

21 

12 

9.5 

12 

43 

33 

28 

28 

34 

L. 35 

L.2 

0.6 

1.1 

1.05 

48 

23 

65 

64 

46 

69 

10 

29.5 5.5 

31 

22.5 

33 

27 

22.5 

21 

25.5 

26 

8.5 

1.5 

7.5 

29 

28 

25 

0.8 

1.25 

0.4 

18 

16 

16 





34 RHEOLOGICAL PROPERTIES AND BEARING CAPACITY OF FROZEN SOILS 

Type and 
origin of 
soi Is 

The same 

Light sandy 
Loam (al¬ 
luvial 
sediment) 

The same 

Silty sand 
(alluvial 
sediment) 

Silty sand 
(alluvial 
sediment) 

Very fine 
sand 

Fhe same 

Pine sand 
( marine 
sediment 
Cazantsevsk: 
sorizon). 

Table 1. Physico-Mechanical 

Depth at 
which 
sample 
was taken 

Sand 
>0.05 

Mechanical 
Composition, % 

Sj.7.e , mm 

Silt 
0.05 
-0.005 

Clay 
(0.00 5 

Liq¬ 
uid 

Limit L 

Atterberg 
Limits 

Plas 
tic 

imit 

Plas¬ 
ticity 
index 

c 
V ■p 
c 
o 
o 

<d 
f* 
3 
P 
<d 
s: 

X 
Q> 
•o 
C 

•H 
•o 
•H 
3 
C 

•H 

(4 

V 
p 
id 
? 
fc 
id 

#H d*> 
3 
o « 
« >. 

«H P 
Q-H 
e o 
« 10 e cx 
3 id 
e o 

•H 
X 
Id 
2: 

3.35- 
3.65 

3.65- 
3.95 

3.95- 
4.25 

4.0- 
4.3 

3.0 

1.6- 
1.9 

2.35- 
2.65 

12.8 

64 

61 

49 

42 
>lus 
gravel 
12 

51 

55 

59 

98 

32 

35 

47 

31 

30 

26 

26 

28 

23 

43.5 

46 

42 

39 

2.5 

2.6 

2.8 

26 

26 

25 

30 

26 

37 

33 

23 

0.5 

16 

21 

l 



CHAPTER I. BASIC PRINCIPLES 35 

Characteristics of frozen soils (Cont'd) 
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Number of experiments carried out with 
a given soil while testing fori 
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233,734, 
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Type and 
origin of 
soils 

tedium sand 
(marine 
sediment) 

ice from 
Inclusions 
Ln perma¬ 
frost 

Table 1, Physico-Mechanical 

Depth at 
which 
sample 
was taken 

m 
Sand 
►0.05 

Mechanical 
Composition, % 

Size, mm 

Silt 
0.05 
-OjOOS 

Clay 
CO. 005 

Liq¬ 
uid 

Limit 

Atterberg 
Limits 

Plas 
tic 

linit 

Plas¬ 
ticity 
index 

u 
a 
•p 
« 
2 

X 
•§ 
c 

•rl 

P 
•H 
•o 
•rl 
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O' 
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V 
p 
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« 

«H d# 
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Characteristics of frozen soils (Cont'd) 
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165,166, 
167,221, 
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Table 2. Phase composition of water in frozen soils 
(Calculations by S. I, Pimenova) 

Type 
of 

soil 

Depth 
at 

which 
the 

sample 
was 
taken 

m 

Tempera¬ 
ture 

°C 

Natural moisture 
content, % of 

Amount of unfrozen 
water % . 

Relative 
ice 

Dry 
unit 

weight 

Total 
unit 

weight 

In 
relation 

to 
the damp 

soil 

In 
relation 
to all 

moisture 

Varve 
clay 

1 14.0 -4.0 
-1.4 
-0.3 

36 
35 
37 

27 
26 
27 

16 
21 
30 

45 
59 
83 

0.55 
0.41 
0.18 

Heavy 
silty 
]oam 

2.0 
-1.5 
-0.4 

33 
31 

25 
25 

12 
15 

37 
47 

0.63 
0.53 

Light 
silty 
loam 

6.4 -4.3 30 23 10 33 0,67 

Heavy 
silty 
sandy 
loam 

2.0 
-4.2 
-0.4 

43 
45 

30 
31 

12 
18 

27 
40 

0.73 
0.61 

The 
same 

4.5 -4.3 
-1.4 
-0.5 

33 
35 
29 

25 
26 
23 

11 
14 

34 
38 
46 

0.66 
0.62 
0.54 

Light 
sandy 
loam 

4.0 -4.2 30 23 12 39 0.60 

Fine 
sand 

12.8 -3.4 
-0.4 

24 
22 — 

2 
3 

8 
16 

0.92 
0.85 
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CHAPTER II. INVESTIGATION OF THE COHESION OF FROZEN SOILS 

1. Purpose of the investigation 

The stability of frozen soils under load is determined by the 
strength of the inner bonds between the separate particles which 
compose an aggregate of frozen soil, and between the aggregates 
themselves. The sum of the above-mentioned bonds in the system, e.g. 
mineral particles, ice, unfrozen water, air,....., is usually called 
"cohesion (c)" in soil mechanics. Cohesion is the basis of the 
characteristic stability of frozen soils in correlation with the 
bonds from which all characteristic properties of strength under 
loads can be found. Cohesion in frozen soils is not constant, but 
varies with the moisture phase and time, weakening for- the protracted 
action of a load (relaxation). This weakening, which is a consequence 
of the growth of plastic strains, depends upon ice melting in liquid 
interlayers in contact with the mineral particles, and dislocations in 
the mineral aggregates, as well as upon yield and change of ice 
structure contained in the soil. Weakening of the cohesion is 
restricted (in practice) by its reaching a certain limiting value 
The present chapter is devoted to a study of cohesion, taking the 
relaxation phenomena into account. 

Determination of cohesion was obtained by indentation with rigid 
spheres, as suggested by N. A. Tsytovich (19S4, 1956).* 

The principle of this method, analogous to the Brinell hardness 
test, is that cohesion is determined by the size of the imprint 
obtained as a result of a rigid ball penetrating under a constant 
load From the solution in the mathematical theory of plasticity 
(IshlTnskiy, 1944), it follows that a relationship exists between 
cohesion of an ideally plastic body (obeying the condition of Saint- 

o 
Venant xs-JLis c = const), and the hardness number H = £ (where F is 

2 F — 

the area of imprint) determined by c ■> 0.18H. Hence, cohesion can be 
computed regardless of the depth of imprint of the sphere, i.e. by 
using the value of the plastic deformation 

ct = 0.18 _£— , (18) 
x *dst 

where ¿is the diameter of the sphere, and wds = F. 

Since the penetration s of the sphere and the area of imprint 
increase with time, a * f ft); and the stress under the sphere will be 
correspondingly decreased. As a consequence, the value of ct, deter¬ 
mined from formula (18), also decreases. The initial penetration s¿ 
determines the instantaneous cohesion c¿natj the final atable penetra¬ 
tion Sf determines the limiting long term cohesion c^t* 

V äee also S. Vtalo^ and N. A. Tsytovich (1955); S. S. Vialov (195># 
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Formula (18) determinas, in simple form, the cohesion of soils 
with a so-called internal friction close to zero. For soils which 
possess both cohesion and friction, we must introduce, as V. G. 
Berezantsev (195S) has shown, the correction^ for the computed 
influence of the friction, 

ct = -£-& M • 0.18 -£— = Me , (19) 
N(dst - s^) wdst 

where M is a coefficient, whose val.ue is given in Table 3. 

Table 3. Value of the coefficient *8 a function of 
the angle of internal friction 4 

4° 0 10 20 30 

M 1.0 0.615 0.285 0.122 

Hence, as suggested by S. S. Vialov and N. A. Tsytovich (1956), 
the strength determined by formula (18) can be considered as a 
complex characteristic-equivalent cohesion ce. Later (Chapter VIII), 
it will be shown that through use of ce, the limiting load for 
structural foundations on frozen soils can be determined directly. 

2. Experimental method 

The ball instrument for determining cohesion of frozen soils and 
the method of operation are described in the handbook published by 
the laboratory of the‘Permafrost Institute (Tsytovich, 1954); these 
same questions, appropriate to our present investigation, are 
examined in S. S. Vialov's article (1954) and I will therefore not 
stop to discuss them. I will only point out that, in the experiments 
described below, a ball of 16 to 18 mm diam was used; the load, 
depending on the type of soil and on its temperature, was in the range 
from 1.2 to 5,5 kg, and in isolated cases up to 8 kg.* Measurements 
on penetration of the ball, by using a dial type indicator graduated 
to 0.01 mm mounted on the device, were made after 5 sec, 15 sec, and 
30 sec; 1 min, 2 min, 5 min, 10 min, 15 min, 30 min, and 60 min from 
the beginning of the experiment; afterwards, every hr (for a period 
of 8 hr); after 16 hr (the following days), and finally once a day 
until the end of the experiment. The time of initial reading was 
investigated (Vialov, 1954) with special interest. Consequently, the 
strain which was measured 5 sec after application of the stress was 
chosen as the initial value. For this time interval, which is practical 
fox' such measurements, no noticeable creep is able to grow, although 
the emerging strain includes a residual part as well as an elastic part. 
Further action of the stress leads to a noticeable growth in the strain, 

* the penetration of the ball had to be not more than 0.1 diam. 
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e.g. for silty, sandy loam at -0.3C to -4.2C, the penetration of the 
ball after 15 sec and 30 sec equals, respectively, 120 to 130% and 
135 to 150% of the penetration observed after 5 sec. 

Each experiment included short-duration tests lasting from 2 to 
24 hr (conducted with 3, 4 and up to 10 repetitions), and long-term 
tests lasting until complete stabilization of the strain (without 
repetition). The processed results of experiment no. 53* are given 
in Figure 5 and Tables a, b, c, and d. 

The question of whether the, curve representing the time variations 
of ct, computed by means of formula (18), reflects the actual relax¬ 
ation phenomena of the cohesion requires special examination, since 
this curve is obtained, not from direct experiments on relaxation, but 
by indirect means, i.e. through the data of the change of the area of 
imprint; this might include distortions of the ball. However, it is 
certain that the slow penetration of the ball in the soil (as distin¬ 
guished from the rapid intrusion in plastic bodies, as for instance, 
steel) is caused by the growth of a visco-plastic deformation. 
Furthermore, since it is well known that the growth of such deforma¬ 
tions depends upon the relaxation of the stresses, then the change of 
the reactive pressure under the ball, and consequently the values of 
c^, are connected with the relaxation phenomena. For instance, if at 
any given time, we wish to discontinue further penetration of the ball, 
it will be necessary to gradually decrease the load on it, i.e. to 
decrease the specific stress (which also precisely characterizes the 
relaxation phenomena). The long-term strength (cohesion), which is 
determined through the value of the stabilized penetration (for more 
details see section 2, Chapter VIII), will be responsible for this 
steady condition. 

This property will be fundamental in our investigations. To 
evaluate the degree of reproducibility of the repeated calculations, 
examine Figures 6 and 7, on which data for tests on samples of sandy 
loam and varved clay are given. Loam, sandy loam and sand of a 
homogeneous massive structure are in close agreement. Heterogeneous 
soils having ice inclusions give a large scatter of experimental points 
The scatter increases with the growth of the ice-content and the 
lowering of the soil temperature. This can be explained by the dif¬ 
ference in stability of ice and mineral aggregates (soil). The largest 
scatter of points is recorded for the’instantaneous' strain, when, for 
a small area of contact of the ball, the influence of the dimensions of 
the soil particles is relevant. With the passage of time, the matrix 
of ice relaxes, and the pressure around the ball is distributed more 
evenly. As a result, the readings made some time after the beginning 
of the test, e.g. after 2 hr, are in completely satisfactory 
agreement. 

The results of the statistical processing of the experimental data 
presented in Table 4, are given in Figures 6 and 7 where the following 
nomenclature is used: 

* The data for all experiments constituting the body of the investi¬ 
gation are kept in the archives of the Permafrost Institute of AS, 
USSR (S. S. Vialov: "Bearing Capacity of Permafrost Soils" 1951, 
1952-53 and appendices). 



42 RHEOLOGICAL PROPERTIES AND BEARING CAPACITY OF FROZEN SOILS 

is the standard deviation of t individual ^vperiments, 

o . 

is the standard error of the mean, and 

o 

P - • 100% is the index of accuracy. 

The number of repeated tests on one sample is denoted by ji; c 
is the value of the arithmetic mean, and 6. = c¿ - cav is the ”” riV 
departure from the value of the arithmetic mean; 

Figure 5. Results of experiment 53 for the evaluation 
of the limit of long-term cohesion of perma¬ 
frost soils. Heavy silty loam at a temper¬ 
ature of -1.2C. 

CM 
E 
o 
•V. 
UÛ 
X 

h- 

—I hrl 

(N 
Ë 
O b 

a. Variation of the cohesion with time of action 
of the load. 

b. Variation oí the cohesion with time during 
early stages. 
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Table a. Data of the long-term experiments 

t s C t s c t s c I1 s : 

5 sec 
15 " 
30 " 
1 min 
2 " 
5 " 
10 " 
15 " 
30 " 
60 " 
120" 
3 hr 
4 " 
5 " 
6 " 
7 " 
8 " 
2 4" 
2 8" 

0.264 
0.323 
0.377 
0.428 
0.482 
0.557 
0.603 
0.648 
0.699 
0.740 
0.794 
0. 808 
0.820 
0,839 
0.845 
0.853 
0. 860 
0.883 
0.885 

7.46 
6.11 
5.23 
4.61 
4.09 
3.54 
3.27 
3.04 
2.83 
2.67 
2.49 
2.44 
2.40 
2.35 
2.34 
2.31 
2.29 
2.23 
2.23 

32hr 
48 " 
56 " 
72 " 
96 " 
144" 
16 6" 
19 2" 
216" 
2 40" 
264" 
312" 
336" 
360" 
3 84" 
40 8" 
432" 
480" 
504" 

0.888 
0.889 
0.900 
0.924 
0.953 
0.955 
0.958 
0.960 
0.960 
0.962 
0.968 
0.968 
0.969 
0.970 
0.972 
0.972 
0.972 
0.977 
0.979 

2.22 
2.22 
2.19 
2.13 
2.07 
2.0 7 
2.06 
2.05 
2.05 
2.05 
2.04 
2.04 
2.04 
2.03 
2.03 
2.03 
2.03 
2.02 
2.01 

528hr 
552 " 
5 76 " 
600 " 
648 " 
672 " 
696 " 
720 " 
744 " 
768 " 
816 " 
840 " 
864 " 
888 " 
912 " 
9 36 " 
9 84 " 
1008" 
1032" 

0.980 
0.980 
0.980 
0.991 
0.992 
0.992 
0.995 
0.998 
1,000 
1.001 
1.001 
1.001 
1.001 
1.001 
1.001 
1,006 
1.009 
1.010 
1.011 

2.01 
2.01 
2.01 
1.99 
1.99 
1.99 
1.98 
1.97 
1.97 
1.97 
1.97 
1.97 
1.97 
1.97 
1.97 
1.96 
1.95 
1.95 
1.95 

1056hr 
10 80 " 
1105 " 
112 8 " 
1152 " 
1176 " 
1200 " 
1224 " 
1248 " 
1272 " 
1296 " 
1320 " 
1344 " 
1368 " 
1392 " 
1416 " 
1440 " 
1464 " 

1 . - 

1.011 
1.014 
1.014 
1.014 
1.014 
1.014 
1.016 
1.016 
1.019 
1.019 
1.023 
1.023 
1.023 
1.024 
1.024 
1.024 
1.024 
1.024 

1.95 
1.94 
1.94 
1.94 
1.94 
1.94 
1.94 
1.94 
1.93 
1.93 
1.92 
1.92 
1.92 
1.92 
1.92 
1.92 
1.92 
1.92 

Nomenclature: _s—penetration (mm) ^-cohesion (kg/cm^) 
t—time (hr) 

Table b. Data of five short-duration experiments 

Max. Min. Averag 
five exp 

e from 
eriments 

t s c s c s c 

5 sec 
15 " 
30 " 
1 min 
2 " 
5 " 
10 " 
15 " 
30 " 
60 " 
120" 

0,264 
0.320 
0.371 
0.420 
0.460 
0.532 
0.572 
0,618 
0.669 
0.727 
0.790 

7.46 
6.16 
5,32 
4.69 
4.29 
3.71 
3.45 
3.19 
2.95 
2.71 
2.50 

0.298 
0.359 
0.402 
0.445 
0.488 
0.557 
0.603 
0.648 
0.709 
0.752 
0.812 

6.62 
5.48 
4.91 
4.43 
4.03 
3.54 
3.27 
3.04 
2.78 
2.62 
2.43 

0.276 
G , 319 
0.382 
0.428 
0.476 
0.544 
0.590 
0.631 
0.687 
0.740 
0.798 

7.14 
6.18 
5.16 
4.60 
4.14 
3.62 
3.35 
3,12 
2.87 
2.66 
2.47 
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Table c. Physico-nechanical characteristics of the soil 

(soil from hole 31 K with a depth of 4.5 n) 

Grain 

Nomenclature Units of 
measurement 

Values 

density E/cnr 2.76 

Unit weight of the soil in natural 
condition 

Natural moisture content 

Dry unit weight 

Porosity 

Void ratio 

Maximum molecular moisture canacity 

Content of unfrozen water with respect 
to the dry weight for 0=-1.4C j 

Content of unfrozen water with respect 
to all the moisture for 6=-1.4C 

Actual ice saturation for 6=-1,4C 

Temperature of the soil under natural 
conditions 

Loss on ignition 

g/cm3 

% 

g/cm3 

% 

% 

1.77 

35.0 

1.30 

52.9 

1.15 

16.2 

% 13.5 

% 38.2 

0.62 

°C 

% 

-0.3 

3.6 4 

o 

Table d. Gradation and plasticity 

Gradation Atterberg Limits 

Grave1 Sand Silt Clay Liquid 
limi t 

Plas¬ 
tic 
limit 
in hole 

Plas¬ 
ticity 
index 

> 10mm 10-5 
mm 

5-2 
mm 

2-1 
mm 

1.0- 

0.25 
mm 

0.25- 

0.05 
mm 

0.05- 
0.01 
mm 

0.01- 

0.005 
mm 

<0.0i 

mm 

0.5 0.2 0.1 0.1 3.0 27.4 30.7 30.6 7.4 33.5 21.3 12.2 
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Conditions and Results of the experiments. The tests were 
carried out by pressing a ball of 15,8 nun diam; load on the ball: 
P=5.4 kg; average temperature of the sample being tested: -1.2C; 
limiting penetration Sf=1.02 mm; limit of the long-term cohesion 
clt=1.9 kg/cm2. 

As is evident, the error decreases significantly for long-term 
values of Ci. If the error for c¿nst in experiment no. 59 was 5.2%, 
then for ci20 this error decreases to 1.9%. According to the data 
of other experiments, the value of o for einst fluctuated between 
2% and 12%, but was generally in the range from 2-3%. The data refer 
to the repeated tests on one sample; also, taking into account the 
inter-phase heterogeneity of the soil, the scatter of the points 
naturally increases. 

The invariance of the value of the long-term cohesion is veri¬ 
fied by "comparison tests" carried out with balls of different 
diameters (14 mm and GO.5 mm) for a proportional increase of the load. 
As is shown in Figure 8, discrepancies in the values of c_are 
observed only for the initial points. 

Figure 6. Results of repeated 
determinations of the cohesion. 
Heavy loam; 0=-0,4C (experi¬ 
ment 37). Note: the experi¬ 
mental points corresponding to 
each repeated experiment are 
denoted by their conventional 
symbols on the diagram. 

Figure 7. Results of 
repeated determinations 
of the cohesion. Varved 
clay; 0=-0.4C 

(experiment 59). See note 
on Figure 6. 
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Table 4. Statistical processing of the experimental data 

No. of 
the 

test 
3oil 

ct kg/cm2 

°i 

kg/cm2 

a 

kg/cm2 

P % 
reading Mean Mini¬ 

mum 
Maxi¬ 
mum 

59 Varved 
clay 
6=-0.4C 

5 sec 
15 min 
60 min 

120 min 

4.79 
2.74 
2.44 
2.17 

4.06 
2.30 
2.15 
2.07 

5.14 
3.02 
2.60 
2.24 

0.5C 
0.31 
0.20 
0.08 

0.25 
0.155 
0.100 
0.04 

5.2 
5.6 
4.1 
1.9 

37 Heavy 
silty 
sandy 
loam 
6=-0.4C 

5 sec 
15 min 
60 min 

120 min 

3.98 
1.51 
1.32 
1.23 

3.77 
1.48 
1.27 
1.20 

4.16 
1.54 
1.34 
1.26 

0.16 
0.032 
0.032 
0.024 

0.081 
0.016 
0.016 
0.012 

2.0 
1.1 
1.2 
1.0 

Figure 8. Results of the tests with spherical 
indenters of various dimensions. Sandy loam; 
6=-1.4C. a. Growth of penetration, 
b. Reduction of the cohesion. (1), (2), and 
(3) respectively for the apparatus: 
INIMS D si = 15 mm, P=5.5 kg (1) 
INMERO Dsi = 14.3 mm, P=S.O kg (2) 
INMERO Dgi = 60.5 mm, P=20.5 kg. (3) 
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As time elapses, the scatter of the points decreases and the 
values of the long-term cohesion turn out to be almost identical. 
Thus, the cohesion evaluated by the method of a loaded spherical 
indenter can be considered to be an actual characteristic of the 
frozen soil, reflecting its mechanical properties. This statement is 
applicable only to homogeneous frozen soil of massive structure 
containing ice only in the form of cement. 

To evaluate the stability of frozen soils containing ice in¬ 
clusions, we must use indenters of a sufficiently large size in order 
to carry out a test on the solid body. It is understood that for a 
massive structure as well a greater degree of simulation of natural 
conditions is achieved in the experiments by means of spherical inden¬ 
ters of large diameter. 

Formulas (198) and (13) are deduced from the linear dependence 
of the load X. on the punched ball and its penetration i.e. from 
the assumption that the cohesion ^ does not depend on The value of the 
load. However, experiments with ball indenters (Vialov, 1954) under 
different loads (both constant and increasing in steps) have shown 
that the relationship between _P and ^ is in fact non-linear. Conse¬ 
quently, the value of determined by formula (18) also increases 
with the increase of load (Figure 9), which indicates the strengthening 
óf frozen soils.* 

6 = -0.4° 

c, kg/cm2 

_fi- ■ of 

3 
*0—— 

/ Z 3 5 6 

6 = -1.2° 

c, kg/cm2 

—5" 
/ 

-75- V 

/23*56 

P, kg P. kg 

Figure 9. Relationship between 
the cohesion c^-t and load P for 
ball indenters: 

(1) varved clay, (2) heavy 
silty loam, (3) heavy silty 
sandy loam. 

The above phenomenon is explained by the irreversible bonding of 
the particles as a result of the flow of the ice, as well as of its 
melting at the contact of more densely packed particles, and conse¬ 
quently by the increase of the molecular forces of interaction. Let 
us note that the strengthening occurs for an increased load only up to 
a certain limit, beyond which the inner bonds break and yielding 
develops; the ball will continuously sink into ths frozen soil as in 
a viscous medium. In a series of tests, it was interesting to Jiote 
the existence of a minimum for some value This obviously indi¬ 
cates a critical condition for which strengthening has not yet started 
to prevail over the weakening caused by breaking the structural bonds. 

Owing to the large natural compactness of frozen soils (at a low 
temperature), their compression is insignificant (small inclination of 
the curves; see Figure 9) and therefore the effect of the strengthening 
is relatively small, especially for a small range of application of the 

* Let us note that strengthening during the penetration of a ball 
occurs even for materials such as steel. 
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T" 
PmZ0h» 

Mn 

Okt 
— 

HOkt r 

Figure 10. Test of pressing a ball with loading. 
Light silty loam, 6=-0.30C (experiment 268). 
A. Growth of the strain with time. B. Relation¬ 
ship between the load and the radius of the 
imprint C. The same as B in logarithmic^ 
coordinates. Elastic strain^; plastic strain jn; 
total strain diam of the hall d_. 

stress. Hence, with sufficient accuracy for all practical purposes, 
the cohesion of frozen soils can be considered as a constant value 
independent of the pressure. 

In the first section of the present chapter, we concluded that 
the cohesion should be determined by the value of the plastic strain. 
For the pressing of a ball into frozen soil, both a residual-and a 
time-recoverable penetration were observed. To study the role of the 
recoverable penetration, several experiments were conducted for a 
gradual penetration with unloading after each step. Aiming at the 
influence of the time factor, the steps of the loading were maintained 
during the course of various time intervals (constant for each given 
experiment)ranging from 1 min - 24 hr. The analysis of the results 
of the tests (Figure 10) shows that the recoverable part of the pene¬ 
tration consists altogether of 2-10% of the value of the total} there¬ 
fore, the more plastic the frozen soil, the greater is the duration of 
the tests, and the smaller is the relative importance of the elastic 
strain. Hence, the value of the long-term cohesion ¿can be determined 
with sufficient accuracy for all practical purposes by substituting 
in formulas (18) and (19) not the residual but the total value of the 
penetration} all the more since such an assumption gives a safety factor. 
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3. Evaluation of the plastic characteristics of frozen soil 

To estimate the plastic properties of frozen soils, the nature of 
the relationship between the load on the ball and the dimensions of the 
imprint has an essential significance. From dimensional analysis, it 
follows (Zaitsev, 1950 *, Cherkasov, 1952) that for plastic bodies this 
relationship must be expressed by the formula: 

P = Ar2 < * )n , (20) 
r 

where r is the radius of the ball, a. is the radius of the imprint, and 
A(kg/cm2) and (dimensionless number) are plasticity parameters 
depending upon“"the type of soil, its temperature, and its moisture 
content. 

The experiments indicated that this equation is completely appli¬ 
cable to frozen soils. This is confirmed by the good rectification of 
the experimental curves a/2r = ¿ (P) when they are plotted with 
logarithmic coordinates (Figure 10b). From this graph, it also follows 
that the curves of the residual and total strains, as well as their 
absolute values, are very close and that formula (20) is correct both 
for plastic and total imprint. We must also note that the parameter 
^for frozen soils, unlike that for solid bodies, is time-dependent, 
changing correspondingly with the growth of the delayed elastic defor¬ 
mation. 

Using formula (20) and following I. I. Cherkasov's^method (1952), 
we can determine Poisson's ratio and evaluate the plastic properties 
of the soil. In order to do this, the parameter ja, characterizing 
the above-mentioned properties, must be put in the form of n = m ♦ k, 
where is a constant depending upon the shape of the indenter (for a 
ball k*”= 2, for a circular cylinder k = 0), Having experimentally 
obtained m = n - 2, we can compute Poisson's ratio from the following 
formula: 3 

T 
W = 0.25 (1 + m ). (21) 

For an ideally elastic material, u= 0,25 since m = 0 and n = 2; for an 
ideally plastic body u = 0.5, m = 1, and n = 3. 

The degree of plasticity the soil can be characterized by the 
coefficient Jy 3 

k = u = 4p - 1 = m ^ , 

WP - ‘‘el 

for which 0 <, k ¿ 1. 

For the experiments on sandy loam and loam for e=-0,3C and -1.4C, 
the parameter JB,ranged from 0.1 to 0,6, and Poisson's ratio y from 
0.275 to 0,36; hence, k = 0.1 to 0.45. These values of u are in good 
agreement with the data of N. A. Tsytovich (1940, 1952), who has 
determined p directly. 

4. Relaxation of cohesion and limiting long-term strength 

The averaged results of the experiment« are condensed in Table 5, 
The values of the cohesion of frozen soil are given at the initial 
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Table 5, Combined data of tests concerning the determination of 

SOIL 

Varved clay 
(Wineral 
layers ) 

The samej 
artificial¬ 
ly pre¬ 
pared 
samples 

Heavy silty 
loam 

Light silty 
loam 

The same 

The same 

Heavy silty 
sandy loam 

The same 
II 

Heavy sandy 
loam 

The same 

Light silty 
sandy loam 

Silty sand 

Fine sand 

Medium sand 

m 
Q) <0 

V æ 3 e « <-» 
<D • 

•C -C <*H c 
+-> o a a) 
0.-H £3 M 
V Æ « « 
Q 3 W 4-1 

4) » 
^ V 
3 C 

4-* 4) 
(A 4-1 
•H C 
O O 
s: a 

14.0 

14.0 

1.8 

6.4 

6.7 

7.9 

2.0 

2.35 
4.5 
3.0 
7.6 
5.45 
4.5 

2.6 

2.9 

4.0 

1.6 

12.8 

6.0 

35 

43 

36 

30 

32 

28 

43 

35 
34 
30 
28 
28 
28 

24 

29 

37 

23 

25 

Temperature: -0,3C to -0.4C 

'inst 

5.65 

4.3 

4.1 

4.0 

5.95- 
4.55 

4.7 
4.5 

3.9 
4.3 

5.8 

5.9 

11.4 

17.1 

'0.5 

2.7 

1.25 

1.35 

1.45 

1.35- 
1.5 

1.8 
1.4 

1.45 
1.4 

1.9 

2.2 

4.8 

5.0 

2.45 

1.0 

1.15 

1.2 

1.05- 
1.4 

1.6 
1.25 

1.3 
1.25 

1.6 

2.0 

3.9 

3.0 

2.2 

0.75 

1.1 

1.0 

0.95- 
1.3 

1.55 
1.1 

1.15 

2.8 

'It 

1.8 

0.55 

0.75- 
0.9 

0.95 

1.0 

1.3 

1.5 

2.3 

1.85 



CHAPTER II. COHESION 51 

the cohesion of undisturbed frozen soils at various temperatures 

Temperature: -1.1C to -1.2C Temperature: -4.0C to -4.2C 
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time Ccin9t>» after c*5 hr 
after maximum penetration, 
given. 

(Cn 5), after 2 hr (c2), and after 8 hr (c8); 
the limiting long-term value (clt) is also 

Analysis of this data shows the character of the rheological 
processes occurring in frozen soils under the action of a load. The 
case in which the penetration of the indenter damps in time (if the 
load on the ball is not excessively large) has been verified. For 
instance, in experiment 238 (sandy loam, 8=-0.30 for a total duration 
of the test of 2554 hr, an increment of the deformation, measured with 
a precision of 0.002 mm, was not recorded for the last 504 hr; in 
experiment 233 (sand, 0= -1.20, during its 3352 hr, an increment of 
deformation was not recorded during the last 614 hr, etc. Although 
the period during which ¿varies is fairly large (from 100 to 3000 hr), 
the most intensive lowering of this quantity, nevertheless, occurs in 
the initial, extremely short time interval, which is a particular 
characteristic of frozen soils. From Table 6, in which the values of 
the cohesion forces at various times are given as percentages of c¿ngt, 
it can be seen that the cohesion decreases to 40 to bû% in the first 
5 min, and after 1 hr is reduced to 25 to 50%, approaching a lower 

limit of 20 to 40%. 

The relaxation time n introduced in formula (8) constitutes the 
characteristic time for the weakening. Even though it will later be 
shown that this parameter is in fact variable, it has a definite 
significance in the qualitative evaluation of the relaxation phenomena. 
In Table 7, the conditional* values of this parameter are given, 
computed as the time after which the difference Cj_nst - c-^ decreases 
by a factor of e in comparison with the difference einst - clt* In. 
Table 7 are also inserted the data on the other properties characteri¬ 
zing the intensity of the reduction of the strength of frozen soils, 
namely, the relation between the cohesion at a given time and the 

ct 
limiting long-term cohesion 

Table 6. Reduction of cohesion with time (heavy, silty, sandy loam) 

Tempera¬ 
ture °C 

Value of the cohesion at various times 

Instan¬ 
taneous 

1 
min 

5 
min 

30 
min 

1 
hr 

2 
hr 

8 
hr 

100 
100 
100 

72 
62 
52 

63 
43 
37 

56 
38 
26 

52 
36 
24 

47 
31 
20 

45 
30 
19 

Limiting 
long-term 

■4.2 
■1.2 
• 0.4 

37 
25 
18 

As is evident, the limiting long-term cohesion turns out to be 
significantly less than instantaneous cohesion (3-9 times). This 
indicates the high relaxation properties of frozen soils. The data 
show conclusively the necessity of including the time factor in the 

1 "Conditional'^ because they are obtained through indirect data, 
namely, the change .of the area of imprint. 
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evaluation of the stability of frozen soils. The preatest lowering of 
the cohesion occurs for frozen soils with a high temperature (close to 
OC) and a high ice content. 

Determination of the limit of the long-term cohesion, which.is a 
fundamental characteristic of the strength of.frozen soils used in 
structural foundations, requires the undertaking of experiments of 
long duration. However, taking into account the fact that the most 
intensive weakening occurs in the initial period, it becomes possible 
to significantly shorten the duration of the experiments. 

From Table 7, it is apparent that if the ratio cinst/c^^ is 
between 3 and 8, then the cohesion determined 8 hr after the appli¬ 
cation of the load exceeds the limiting long-term value only by a 
factor of 1.1 to 1.35 (for 6=-0.3C and -1.20. In addition, the ratio 
c0/cit is approximately stable, unlike Cj.ns-t/c].-t which has very large 
fluctuations. Consequently, for practical purposes, the value of the 
limit of the long-term cohesion can be approximated by the data of a 
short-duration test (for instance, lasting 8 hr) with the introduction 
of a correction factor, k=0.75: 

clt = 0.75cg (22) 

This relation is accurate for soils with a temperature from -0.2C 
to between -2C and -4C. For soils with a lower temperature and high 
ice content, the value of Jc is obviously somewhat smaller. 

The value of c-^ can be determined also through the results of 
short-duration experiments (lasting for instance from 30 min to 2 hr)} 
but in this case the value of k is less stable and the possibilities 
of error are greater: approximately, clt = 0.5 cq.s = 0.6 eg. 

5. Dependence of the cohesion of frozen soils upon the gradation, 
moisture content, and temperature 

The influence of the gradation of frozen soils on the value of 
the equivalent cohesion is graphically illustrated by the diagrams in 
Figure 11, in which the curves of the penetration of indenters into 
various soils are presented. The curves for sandy loam and loam are 
very similar since the large silt content of these soils even up their 
mechanical properties. However, a difference in the value of c^-)- is 
also observed for these soils; this is explained by their different 
sand and clay fractions. The dependence of the equivalent cohesion 
upon the ratio of these fractions is illustrated in Table 8, although 
the comparison is not carried out for the same conditions (in particu¬ 
lar, different moisture content), since these data refer to undisturbed 
soils. 

As is obvious from Table 8, with the increase of the sand fraction, 
as well as with the decrease of the plasticity index, the value of c^-t 
increases slightly. A sharp growth of c^ is observed in sands; this 
is explained by their greater "frame" rigidity, by their smaller content 
of unfrozen water, etc. In addition, one must again emphasize that we 
are concerned ^strictly speaking, not with the cohesion, but with the 
overall stability characterized by the equivalent cohesion. It is in¬ 
teresting to note that the relaxation curves for sand are different in 
character from those for silty loam and sandy loam soils; specifically, 
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they are smoother and do not have such a sharp curvature. This in¬ 
dicates the smaller intensity of the rheological processes in sandy 
soils in comparison to argillaceous soils. An exception must be made 
for the varved clay soils of Igarska. The mineral layers of this 
soil possess a greater stability (the value of çit* for instance,_is 
the same as for sand) and a less marked relaxation, their relaxation 
time being 1.5 to 2 times larger than that for sandy loam soils 
(Table 5). As already mentioned, the above peculiarities depend upon 
the great compactness and small moisture content of the mineral layers 
of the varved clay (moisture content of 35% for a plastic limit in the 
hole of 32%, and a liquid limit of 65%), which is a consequence of the 
formation conditions of these lake sediments. The stability of an 
artificially prepared sample of the same clay was shown (Table 5) to 
be significantly smaller (up to 4 times). Such a large drop cannot 
be explained only by the slightly larger moisture content 
artificial sample; it must be a consequence of the removal of the so- 
called structural cohesion. This shows the necessity of taking into 
account the origin of the frozen soils when evaluating their mechanical 
properties, ind the inadequacy of data obtained from tests on remolded 

samples . 

Figure 11. Curves of plastic 
deformations (A) and reduction 
of the cohesion (B) for 
various soils. 0=-O.3C 

(1) Varved clay (experiment 
59) ; 

(2) heavy silty loam (experi¬ 
ment 54) ; 

(3) heavy silty sandy loam 
(experiment 37) 

(4) Sand (experiment 62). 
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Table 8. Relationships between the equivalent cohesion, the mechanical 
composition, and plasticity of undisturbed frozen soils 

(6 = -3.8C to -4.20 

Soil 
Mois¬ 
ture 
content 

% 

Plasticity 
index 

Mechanical composition % 

Clt* 

kg/cm^ Sand Silt Clay 

Loam 
Sandy loam 
The same 
The same 
Sand 

30 
34 
30 
28 
23 

12 
12 
11 
9.5 

35 
31 
33 
42 
98 

54 
61.5 
61 
50 
2 

11 
7.5 
6 
8 

2.5 
2.8 
3.0 
3.2 
4.5 

Investiraiin£ the 'instantaneous' resistance of frozen soils to 
compression, N. A. Tsytovich (1937) showed that for an incomplete 
fillinp of the pores of these soils with ice their stability grows 
with an increase of the ice content up to a certain fixed limit, 
corresponding, for a given porosity, to the complete filling of the 
pores with ice. ror a further increase of the ice content, the strength 
decreases. Fron our data we can deduce that the long-term cohesion of 
frozen soils has an analagous behavior. This behavior can be explained 
as follows: in the process of freezing of the soil, additional new 
bonds arise, namely, the cementing caused by the icej this cohesion 
increases the stability of the frozen soil, as compared to unfrozen soil 
The higher the moisture content of the unfrozen soil, the greater the 
degree of ice saturation in the frozen soil (for a given temperature). 
Consequently, when the contact surface with the moisture film increases 
(Savelyev, 1953), the thickness of water films decreases, and as a 
result the interparticle bond increases. However, this is correct 
only under certain conditions, specifically when the amount of ice 
crystals is small and when, being separate, they react under the action 
of an external load as under a uniform pressure; the load itself is 
taken by the framework of the mineral particles. If the amount of ice 
is somewhat larger, then individual crystals of ice units form a 
semblance of an ice framework (the limiting case being ice impregnated 
with mineral particles). As a result, a large drop in the stability 
will occur (Table 9), since the long-term cohesion of ice is quite 
small (if not equal to zero). More details about the cohesion of ice 
are given later. 

The influence of the ice content on the value of cohesion decreases 
somewhat as the temperature increases, since it is not only the abso¬ 
lute content of ice which is important, but also the ratio of ice to 
unfrozen water. For example, with an increase of moisture content from 
34% to 43%, c^t decreases, for 6=-4.20, by a factor of 1.5, whereas 
for 6=-1.20, it decreases by a factor of 1.25. 
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Table 9. Reduction of the long-term cohesion of undisturbed frozen 
loams (»=-4,20 with increase in moisture content 

Mechanical composition, % 
Liquid 
limit 

Moisture 
content % 

.clt*2 
kg7cm2 Sand Silt Clay 

33 
31 
27 

61 
62 
65 

6 
7 
8 

36 
34 
38 

30 
34 
43 

3.0 
2.8 
1.95 

Influence of the temperature. The temperature of frozen soils is 
one of the main factors influencing their stability. This influence 
has been studied by several investigators in connection with the 
instantaneous strength. Let us consider the manner in which the 
temperature influences the long-term cohesion and the relaxation 
properties of frozen soils. From Figure 12 it follows that, with a 
lowering of the temperature, the relaxation curves become less steep, 
i.e. the intensity of the relaxation process decreases. This is also 
indicated by the increase of the relaxation time as e increases (Table 

10). 

The value of both the limiting long-term cohesion and the 
instantaneous cohesion significantly increase for sandy loam: at 
e=-0.3C, cit=0.95 kg/cm2; at 6i-1.2C, Cit51*6 kg/cm2» and at 0=4.2C, 
c^t=2.8 kg/cm2. 

The dependence of the cohesion upon the temperature of the soil 
is illustrated in Figure 13. Analysis of the test databas shown that 
this dependence can be expressed by the following empirical formula, 

c = Cq + b/Tën (23) 

where 0 is the absolute value of the negative temperature; 
c is the cohesion for any negative temperature; c0 is the cohesion for 
some temperature, for instance -DC, i.e, for a negative temperature 
approaching OC, and b is a parameter depending on the properties of the 
soil and its moisture-ice content. 

In particular for varved clay clt=1.0 + l.b /TÔT, and for heavy 
silty sandy loam. ci^ = 0.3 + 1.2 y | 61 • Formula (23) shows (in a defi¬ 
nite’interval) the damping influence of temperature on the stability; 
the accuracv of the formula is verified by the rectification of tne . 
experimental curves, as shown in Figure 13b, The sands tested consti¬ 
tute an exception; they do not precisely follow the given formula. 
Formula (23) is also valid for instantaneous stability, and in parti¬ 
cular, for the temporary strength of frozen soils under compression. 
This i? verified by the graph in Figure 14, deduced from the test data 

of F. M. Faintsimmer. 

The greatest changes in the stability of frozen soils occur in the 
range of significant phase t rans forma t i ons-of v/ater, i.e. from OC to 
-1.5C, -2C. In addition, the influence of the mechanical composition, 
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th<î moisture content, and other factors becomes small for a temperature 
close to OC, because it is masked by the chanße in the phase composi¬ 
tion of the water. Let us note that the parameters Cn and b depend 
upon the time of action of the load; in particular, they increase when 
t approaches zero. This means that the instantaneous strength depends 
upon the temperature to a greater extent than the long-term strength, 
since in the latter the influence of the temperature is somewhat 
covered by the time factor. The influence of the temperature on the 
stability of frozen soil is usually explained by the change in the 
content of unfrozen water. However, several other factors are impor¬ 
tant ;otherv;ise , it.would be difficult to explain why the strength of 
frozen sand, in which practically all the water is in solid form for 
a low o , changes with a temperature variation. 

Frozen soils can be represented as a system of solid particles 
(mineral granules and crystals of ice-cement) connected by water films. 
The amount of unfrozen water decreases with the lowering of the temper¬ 
ature. Therefore, the content of ice-cement correspondingly increases. 
With the increase of the ice content, the surface of contact with the 
water film increases (Savelyev, 1953, 1955), and the film becomes 
thinner. A film no matter how thin, exists at the ice-mineral 
particles interlace, even for low temperatures. A change in the amount 
of ice crystals, small enough not to affect the phase composition of 
the water in the soil, yields a noticeable increase in the cohesion of 
this film, i.e, an increase of the action of the molecular forces of 
attraction. As a result of the lowering of the temperature, the 
viscosity of the water film, as well as the stability of the ice, will 
increase. Finally, the lower the temperature, the greater is the load 
necessary to cause melting of the ice at the interface, and the inter¬ 
mixing of the particles upon which the growth of the creep deformation 
depends . 

The compiled data of the values of the limit of long-term cohesion, 
determined by using a spherical indenter for various soils and at 
various temperatures, are given in Table 11. These data can also be 
used for the evaluation of the long-term strength of permafrozen soils. 

6. Cohesion of ice 

The study of the plastic and rheological properties of ice is of 
great interest, since ice is one of the most important components of 
frozen soil; its properties determine to a large extent the behavior 
of such soil under stress. The data of this section were obtained by 
ball-indentation tests in ice, both in natural samples cut out of ice 
inclusions in a stratum of frozen varved clay at a depth of 14 m, and 
in artificially prepared samples. The initial tests were conducted for 
the ball loaded perpendicular to the plane of stratification of the 
ice lenses, i.e, parallel to the direction of the main optical axis of 
the crystals; parts of these tests were also conducted for loading 
parallel to this plane of stratification. As an illustration, the 
results of a Zrtest on natural ice at various temperatures are shown in 
Figure 15. One can see that the relaxation curves for ice are less 
steep than the corresponding curves for frozen soils (Figure IPh), which 
indicates the slower rate of the relaxation process in ice as com¬ 
pared to frozen soils. This is explained by the smaller viscosity of 
frozen soils^ due to their content of unfrozen water (Tsytovich, 1937), 
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a 

temperatures of heavy, sandy loam. 

(1), (2), and (3), represent respectively tempera¬ 
tures of -0.4C, -1.2C, and -4,2C. 

Table 10. Value of the relaxation time a of frozen soils at 
various temperatures 0. 

Soil 
Value of ji (in min) for a temperature of, ÛC 

-0.3C -1.2C -4.0C 

Varved clay 
Heavy silty loam 
Heavy silty sandy loam 

10 
2 
1.7 

20 
3 
3 

40 

10 
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C.kf/cM* a 

Figure 13. Dependence of the 
cohesion of frozen soils upon 
temperature. 

a. In the standard coordinates 
b. Rectified graph. 
(1) Varved clay; (2) heavy 

sandy loam 

Figure 14. Dependence of the 
'instantaneous' compressive 
strength of frozen loam upon 
the temperature. 

It is significant that these relaxation curves of the cohesion óf ice 
are analogous to the corresponding curves for sand at a low 6. We 
should note the intermittent growth of deformation when testing icej 
this has been pointed out also by other authors for short-durâtion.* 
flexure, and other, tests of ice (Ivanov and Lavrov, 1950), 

The processed data of the experiments on various ice samples under 
various stresses are given in Table 12. Instantaneous, 30 min and 2 hr 
values of the cohesion, as well as properties characterizing the 
scatter of the experimental data obtained afteir statistical processing, 
are also given in Table 12, The average value c_v was determined as 
the mean of jx tests, each of which had jn repeated evaluations, 

1 
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■i 
where c ,.\ = i \ *c. is the average value for each nth test, 

nil; m. Æ + i “ 
1 1 

The index of accuracy (coefficient of variation) was determined 

as p = -..- s q.A - ■ % ( where 
c c .- 
av av/TT 

is the standard deviation of an individual experiment; a is the 
weighted mean error, and = cflV - cn(¿)* 

Table 11. Compiled data of .the value of the limiting long-term 
équivalent cohesion of undisturbed frozen soil 

Soil 
Value of c-lt (kg/cm2) for a temperature 

of, °C 

-0.3C to 
-0.4C 

-1.0C to 
-1.2C 

-3.8C to 
-4.2C 

Silty loams 
Silty sandy loams 
The same, very damp 

(W * 40%) 
Sand 
Dense varved clay 

0.6-0.9 
0.9-1.3 

0.75 
2.1-2.3 

1.8 

1.0-1.5 
1.6-2.0 

2.7 
2.6 

2.0-2.5 
2.8-3.2 

2.0 
3.7-4.5 

4.2 

From Table 12, it is noted that the experimental data have a large 
departure from the mean values, and that p varies from 7 to 25%. 
This is explained by the marked anisotropy of ice and the heterogeneous 
orientation of its crystals. Examining the absolute values of £., we 
should note that they depend to a large extent upon the temperature, 
increasing as the latter decreases. The values of £. for ice taken, 
from iCe-inclusions in a stratum of permafrozen soil and for artifi¬ 
cially prepared ice turned out to be the same for all practical pur¬ 
poses. In each case, the instantaneous and even the 2 hr values of 
the cohesion of ice were significantly higher than those of frozen 
soils (Table 13). 
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of ice at various temperatures. 

(1), (2), and (3) represent, rsspectively, 
temperatures of -3.6C, -1.2C, and -0.4C. 

It is interesting to note that according to the data of N. K. 
Pekarskaya (1957) the instantaneous shearing resistance of pure ice 
also turned out to be greater than that of frozen soil. At the same 
time, the instantaneous shearing resistance of ice is significantly 
smaller than the instantaneous cohesion. As a consequence, there is 
some doubt as to the possibility of using, as in formula (18), the 
plasticity condition of Saint-Venant t= c, for ice; nevertheless, this 
condition is used by several authors. 

Hence, there is a doubt as to the possible interpretation of q 
determined through the indentation test as a plastic constant of ice. 
The data of these experiments must be considered as the character¬ 
istic hardness of ice (H kg/cm2), determined by the well-known 
metallurgical formula H = P , where wt=1tdst is the area of imprint 

wt 
of the ball, varying with time. The parameterJH is connected to the 
parameter c_ by the relation H = 5.55 c. 

Let us consider the question of the long-term cohesion of ice. It 
is well-known (Weinberg, 1940) that a body with a density greater than 
the density of ice will continuously sink in the ice at a constant 
rate. From these assumptions, one must expect that the ball will first 
sink with a decreasing speed (as the area of imprint increases), then 
with a constant speed when the diameter of the imprint is 0.5 larger 
than that of the ball. We have conducted 5 long-term experiments (from 
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Table 13. Values of c¿n8t. (kg/cm2) for ice and frozen soils. 

Soil 
Temperature °C 

-3.8C -1.2C -0.4C 

Ice 
Sand 
Sandy loam 

110 
20 
8-15 

40 
17 
5-8 

20 
14 
4-6 

3 to 5 years). However, the inadequacy of the instruments for such 
long-term tests under conditions of negative temperatures prevented 
our obtaining full-value results. In two of the experiments, the 
sinking of the ball stopped; this was obviously explained by the form¬ 
ation of hoarfrost on the rod. In the remaining three tests, the defor¬ 
mation continued uninterrupted, but it was discovered that the ice 
around the point of contact of the ball disintegrated, evidently 
affecting the value of the penetration. 

Nevertheless, on the basis of the available data, it can be 
verified that the long-term cohesion of ice is either equal to zero, 
or is so small that it can hardly be determined in practice; at any 
rate, the long-term cohesion is significantly smaller than the limiting 
long-term cohesion of frozen soils. 

The above discussion agrees with the newest data (PerutZj 1950; 
Glen, 1952; Nye, 1953; Voitkovskiy, 1957) according to which ice does 
not have a clearly defined elastic limit; at any rate, this limit 
does not exceed 0.1 kg/cm2 (for shear). 

The increased value of the instantaneous cohesion of ice and the 
sharp lowering of the stability for the protracted action of loads 
explain the diverse character of the influence of ice inclusions on 
the stability of frozen ground for short-term and long-duration 
application of the loads. The presence of ice inclusions can increase 
the instantaneous strength of frozen soil, and on the contrary decrease 
the long-term strength. In addition, it must be taken into considera¬ 
tion that the rate of weakening of ice is significantly lower than that 
of frozen soil. 
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CHAPTER III. INVESTIGATION OF THE ADFREEZE STRENGTH OF 
SOILS AND ICE WITH WOODEN RODS 

1. Concept of adfreeze strength 

In engineering calculationsthe shearing strength of frozen soils 
along the lateral surface of a foundation is of great importance 
(Chernyshov, 1928; Tsytovich, 1937, 1952; Goldshtein 1941, 1948). 
This type of strength is usually called adfreeze strength, because it 
is caused by adfreezing, i.e. the adhesion of the frozen moist soil 
to the foundation material. When the damp soil freezes, adhesion 
forces arise between it and the surface of the inserted body. These 
corces are distinct from the adhesion of pure ice. The bond between 
the frozen soil and the surface of the body occurs not only through 
the ice crystals, but also by means of direct contact (through a water 
film) of the mineral particles. In addition, both the border layer 
and a certain volume of the surrounding soil will be under stress. 
This is well corroborated by experiments on the pull-out of rods 
frozen in the soil, in which both the displacement of the pulled-out 
rod and deformation of the surface of the soil adjacent to the rod 
are observed. Let us consider a rod driven into a hole drilled in 
frozen soil. If the diameter of the rod is larger than the diameter 
of the hole, the shearing resistance along the lateral surface will 
be related to the frictional resistance*. This frictional resistance 
depends upon the coefficient of friction of the frozen soil on the 
material of the rod, and upon the value of the normal stresses 
(squeezing force) developing in the soil. These forces arise not 
only from driving, but also as a result of the pressure caused by 
the volume expansion of the moisture freezing in the soil, as a conse¬ 
quence of the lateral pressure of the soil. Thus, the shearing 
strength of frozen soil along the lateral surface of foundations, 
piles, and other construction depends upon the adhesion c (adfreeze 
force) and upon the friction at. 

i = c + at, 

where t is the friction coefficient, and a is the normal stress, i.e. 
normal to the lateral surface of the foundation. 

The relationship between c and of will depend upon the emplacement 
method of the pile, upon, its material, upon the moisture content of 
the soil, etc. From now on, we shall refer to the above-mentioned 
total shearing strength as the adfreeze strength (stability). This 
implies the stress which one must apply to the frozen soil surrounding 
the rod in order to break, in shear, its bond with the frozen soil, 
regardless of the method of emplacement'1'. 

See Chaptjpl V. 

t A term, sometimes used is "Forces (Tangential) of Adfreezing", which 
must be considered as reactive forces arising from the punching 
through of a rod frozen in the soil. 
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2. Experimental methods 

The experiments were conducted in the underground chambers of the 
laboratory añá “Luted o£ pulling out cylindrical weed rode (model 
niles) embedded in one way or another in the blocks of frozen soil 
under constant, aid gradually increasing, stresses* The rods were 
turned on a lathe and, for the series of experiments, had the rollo 
ina dimensions: diam 35 mm; length of working piece 100 mm; length 
if’point 20 The load on the rod (. kg/cm5) was computed relative 
to a unit area of lateral surface. 

Emplacement in the soil was accomplished by two "»e^ods. The 
first was the hammering of a pile into holes previously drilled in 
the blocks of undisturbed frozen soil embedded in the ground of the 
vault The diameter of the holes was 0.9 times the diameter of the 
rods- these model piles were driven with a hammer. The depth of the 
drilled holes was greater than the length of the rods. The piles 
emplaced by this method will be referred to from now as driven 
piles. The second method of emplacement was the driving-in of piles 
in frozen soils with the aid of steaming+. To accomplish this, 
50 mm diam holes were drilled in the embedded frozen soil blocks and 
were filled up with soil of the chosen type, warmed to +50C or +®JC: 
the model pile was embedded in this block. Under the influence of a 
cold current of air on the surface and the surrounding frozen strata, 
the soil block froze with time, forming the adfreeze of steamed soil. 
The models driven in by this method will be called frozen-in piles. 

The initial moisture content of the inserted soil block corj-®®“ 
ponded to the moisture content of steamed soil in nature and consisted, 

<îâ: î^r^TSL^bf ää 
greater detail in Chapter XI. 

The pull-out experiments of model piles were carried ^ ™?ans 
of a special lever apparatus. Each test (having an ordinal numb 
was made with one block of soil and consisted of a set.of. 8 
Seven of them were tested under various stresses, c°n8^t f°r ®®ch 
pile starting with a stress causing "instantaneous pull-out and 
ending *ith 5long-termf'stresses which did not lead to pull-out. One 
of the piles was9tested under a gradually inc^e*d^ng.str®®®;„¿ 
case, the first stages of the loading were maintained unchanged until, 
the deformation stopped; the subsequent ones were maintained until 
the establishment of steady flow. During the testing process the 
vertical displacement X(mm) of the rod was measured; V1 ^appropriât 
cases this displacement was related to the diameter of the rod ( ), 
and was expressed by the dimensionless quantity I " -j. 

* For the properties of the soils, see Table 1. 

t Concerning this method of emplacing piles by steaming, see Chapter 

XI. 
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3. Deformation process for constant loads and reduction of the 
adfreeze strength 

The combined curves of the deformation, i.e. the curves for the 
displacement of the rod with time, are represented in Figure 16. Each 
curve on the graphs corresponds to the given value of the pull-out 
stress T = const. It is evident that the curves are analogous to 
the classical curves for creep. The aspect of these curves charges 
with the value of the stress. For large values of t, the deformation 
process develops quickly; the plastic properties of the soil cannot 
develop and the collapse has a brittle character, i.e. the pull-out 
is accompanied by the characteristic snap and the displacement is 
small. For stresses equal to 50 to 70% of the instantaneous strength, 
the breaking occurs, although not immediately, in a very short time 
interval of the order of 100 to 300 sec; hence, the curves have an S- 
shape. For smaller values of the stress, e.g. equal to 25 to 40% of 
Tinst' visco-plastic properties of the soil become clearly evident. 
The displacement curves for such stresses are typical creep curves 
reflecting all the stages of deformation: instantaneous'(initial) 
displacement, the stage of steady creep, during which the sliding of 
the rod through the soil proceeds at a constant rate, and the stage 
of progressive flow in which the sliding occurs with an increasing 
speed; this stage is ended by the pull-out of the rod. With the 
scale used in Figure 16, this behavior is well represented only in 
the curves corresponding to small stresses, e.g. equal to 25 to 30% 
of Tinst. Even for stresses equal to 30 to 40%, the curves would 
have an analogous character if drawn on a larger scale (Figure 17¡, 
differing only by the greater intensity of the process. 

It is significant that even a small change in the value of the 
stress leads to a sharp increase in the duration of the deformation 
process. For instance, when t = (0.3 - 0.4) T¿nst, the pull-out occurs 
in 100 - 300 min, whereas for t = (0.25 - 0.3) T¿nst, it occurs after 

whole process. However, this stage does not set in immediately, but 
after a relatively long period, from 50 to 750 hr after the loading 
(for small values of t). The duration of the steady stage is a 
feature of the creep process of frozen soil. Such a duration is also 
characteristic of the reaction process of frozen soil, i.e. the stabil¬ 
ization of the deformation occurs after 250 to 1000 hr and more. 

Another distinguishing and extremely important property of 
frozen soils is that the deformation of creep inevitably develops 
into the progressive flow stage ending with collapse. For solid bodies, 
the transition into the final stage is usually due to a decrease in 
the cross-section of the sample, e.g. by the formation of a neck under 
tension. In several colloidal systems tested for shear by the torsion 
method, the working area does not change, and an uninterrupted growth 
of the flow is observed without transition into the collapse stage; 
this is explained by the continuous restoration (in the slow flow) 
of the broken sturctural bonds (Rebinder, 1950). However, in frozen 
soils, the transition into the stage of progressive flow and subsequent 
collapse occur also where the stressed area of the sample remains 
constant. This is graphically verified by the punching of rods through 
the soil (Figure 18). 
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Figure 16. Combined curves of the growth 
of the displacement (X) for various stresses; 
(t kg/cm2) pull-out of model piles, 6 = -0.4C. 

(1) Varved clay, driven pile (experiment 16); 
(2) Varved clay, frozen-in pile (experiment 
14); (3) Light, silty loam, driven pile (exper¬ 
iment 26); (4) Light, silty loam, frozen-in 
pile (experiment 27); (5) Heavy, silty, sandy 
loam, driven pile (experiment 24); (6) Heavy, 
silty, sandy loam, frozen-in pile (experiment 25). 
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*//v MIN MIN. 

MIN MlM 

Figure 17. Growth of the displacement for a constant 
stress; pull-out of piles, 0 = -0.4C; initial portion 
of the curve (a). 

(1) Driven pile, t = 1.85 kg/cm2, heavy, silty, sandy 
loam (experiment 25); (2) Driven pile, t = 1.3 kg/cm2, 
light, silty loam (experiment 15); (3) Driven pile, 
t = 2.0 kg/cm2, varved clay (experiment 18); (4) Fro- 
zen-in pile, t = 1.5 kg/cm2, light, silty loam (exper¬ 
iment 28); (5) Frozen-in pile, t = 1.2 kg/cm2, light, 
silty loam (experiment 27). 

It is obvious that the curves for pressing-in are analogous to 
those for pull-out and have a well marked bend, although the area of 
contact with the soil does not decrease in this case. In addition, 
analysis of the pull-out curves shows that progressive flow can begin 
for displacements of 1 to 2 mm, which corresponds to a total decrease 
of the working area of adfreezing of'l to 2%; such a decrease is 
obviously not the cause of the transition in the progressive stage. 

Thus, it might be assumed that the cause of the transition into 
this stage is the permanent destruction of the bonds, occurring as a 
result of the growth of creep strains and of their reaching a certain 
limiting value. It is interesting that the smallest increase of the 
stress can cause a sharp transition from a damped deformation to an 
undamped deformation and can lead to rupture. Thus in experiment 26, 
for t = 1 kg/cm2, the displacement of the pile stopped after 260 hr, 
whereas for x = 1.1 kg/cm2, an undamped deformation arose and the pile 
was pulled out in 2900 hr. 
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Figure 18. 

Punching of model piles (disre¬ 
garding the effect of the 
point). The piles are frozen- 
in; the soil is heavy silty 
loam; 0 = -0.4C; U) , (2), and 
(3) represent respectively t = 
1.7 kg/cm^, 0.9 kg/cm^ and 
0.7 kg/cm^. 

The third peculiarity of the creep process in frozen soils is the 
very small initial instantaneous displacements (Table 14); the main 
displacements develop with time. 

Table 14. Growth of strain for the pull-out of model piles 
(t = 1.2 kg/cm , 0 » -0.4C). 

Soil 
Deformation in mm vs time 

10 sec 30 sec 1 min 5 min 10 min 30 min 1 hr 

Sand, driven pile 

Loam, driven pile 

Loam, frozen-in 
pile 

0.02 

0.03 

0 

0.07 

0.4 

0 

0.07 

0.05 

0.02 

0.09 

0.07 

0.03 

0.09 

0.09 

0.04 

0.12 

0.12 

0.14 

0.16 

0.20 

0.34 

The character of the deformation curves depends somewhat on the 
mode of emplacement of the rods. Where they are driven into drilled 
holes, i.e. shearing occurs in the soil, the curves are in good agree¬ 
ment with the creep curves for visco-plastic bodies (Figure 1). When 
the rods are frozen in, the ice film, formed around the rod when the 
soil freezes back, has an essential influence on the shearing strength. 
The presence of such a film was also noted by M. N. Goldshtein (1940), 
and S. G. Tsvetkova (1954). The creep deformations for pull-out of 



CHAPTER III. ADFREEZE OF ICE AND SOIL WITH WOOD 71 

these rods (for large t) have a tendency to increase indefinitely 
(Figure 17); this is a characteristic property of the displacement of 
rods frozen into pure ice; this will be further discussed later. 

The compiled results of the experiments are given in Table 15 
and in Figure 19, where the values of the pull-out stresses t, and 
th^ time t, after which the pull-out of the rod occurred (calculated 
from the beginning of loading), are also given. For each test, 
hypothetical values of the limit of the long-term strength of ad- 
freezing are also shown. It can be seen that the reduction process 
of the adfreeze strength can proceed for a very long time, up to 
5000 to 6000 hr and more. 

Table 15. Results of pull-out tests of model piles under constant 
stresses: relation between the load t (kg/cnr) 

and the time t until pull-out 

Note: All experiments except 33 and 34 were conducted at a temperature 
of -0.4C while experiments 33 and 34 were conducted at a temper¬ 
ature of -3.6C. 

Silty, muddy soil Heavy, silty, sandy loam 

Experiment 22 
Driven piles 

Experiment 23 
Frozen-in piles 

Experiment 24 
Driven piles 

Experiment 25 
Erozen-in piles 

T t T t T t T t 

4.5 
2.3 
1.7 
1.5 
1.3 
1.2 
1.1 

7 sec 
45 " 
2.5 hr 
42 " 
77 " 

>7300 " 
4247 M 

5.2 
2.4 
2.4 
1.3 
1.2 
1.0 
0.8 

5 sec 
65 " 

205 " 
49 hr 

465 " 
3457 " 
no pull-out 

4.8 
2.3 
2.1 
1.9 
1.7 
1.5 
1.3 

14 sec 
5.3 hr 

33 
429 
788 

4735 
no pull-out 

4.1 
2.0 
1.5 
1.3 
1.1 
1.0 
0.8 

30 sec 
225 

0.25 hr 
95 

no pull-out 
same 
same 

Tlt*0,9_1*° Tlt“0.8 T^t»l.35 Tlt-1.0-1.1 

Heavy, damp, sandy loam Heavy, sandy loam 

Experiment 21 
Driven piles 

Experiment 13 
Frozen-in piles 

Experiment 15 Driven piles 

T t T t T t 

3.0 
2.3 
1.8 
1.35 
1.1 
1.0 
0.9 
0.8 

10 sec 
42 H 

228 " 
1.0 hr 

1230 * 
2349 " 
2420 " 
3350 " 

6.4 
4.2 
3.15 
2.1 
1.05 
0.9 
0.85 
0.75 

6 sec 
30 

338 
1.25 ht 
6 " 

> 690 
>4514 
>1753 

4.0 
2.7 
1.85 
1.7 
1.65 
1.5 
1.35 

10 sec 
113 

2.7 hr 
0.7 " 

306 
356 
no pull-out 

xlt«0.75 Tlt-0.6-0.7 Tlt-1.3-1.4 
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Figure 19. Curves of the long-term adfreeze strength. 

(1) Silty, muddy soil, e * -0.4C, driven pile (experi¬ 
ment 22); (2) Silty, muddy soil, 8 = -0.4C, frozen-in 
pile (experiment 26); (3) Light, silty loam, 8 = -0.4C, 
driven pile (experiment 26); (4) Light, silty loam, 
8 =-0.4C, frozen-in pile (experiment 27); (5) Heavy, 
silty,loam, 8 = -3.6C, driven pile (experiment 33); 
(6) Heavy, silty loam, 8 * -3.6C, frozen-in pile 
(experiment 34); (7) Initial parts of curves (3) and 
(4) . 

The most intensive reduction of the adfreeze strength occurs, as 
in the case of cohesion, in the initial periòd; this is reflected by 
the sharp inflection of the curves shown. Thus, for 8 = -0.4C, during 
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the first 100 to 400 sec, the value of t decreases by a factor of 
1.5 to 3 with respect to tinst* after 50 hr, the value of t decreases 
by a factor of 3 to 4 times. Further reduction becomes insignificant, 
and the curves of the long-term strength approach straight horizontal 
asymptotes. 

In general, the adfreeze strength decreases for driven piles by 
4.2 to 5.4 times for 8 = -0.4C, and by 2.6 times for 6 = -3.6C; 
whereas for frozen-in piles, it decreases by 5.8 to 9.8 times for 
9 = -0.4C, and by 4.2 times for e * -3.6C. Hence it follows, that 
first, the reduction of the strength occurs more intensively for 
plastic frozen soils with higher temperatures; secondly, this lowering 
occurs to a greater extent for frozen-in piles, where the relaxation 
properties of ice are the primary influences. 

4. Deformation process for an increasing load 

The results of the pull-out tests of rods with a gradual load 
increase are shown in Table 16; the values of the load t for each 
stage, and the time interval At of their action,as well as the constant 

rate* of the visco-plastic flow v = fl, are given. Zero on this 

graph denotes the stabilization of the deformation. The appearance of 
a permanent deformation indicates that the stress has exceeded the 
limit of long-term strength, which determined x^t. 

Let us consider the curves of the displacement of the rod for 
gradual loading (Figure 20). The character of these curves is such 
that when loading with constant stresses; for small loads, the defor¬ 
mation (displacement) is damped with time; for loads exceeding Tit» 
a permanent deformation develops with an increasing rate for larger t. 

From the principle of superposition, the deformation caused by 
the action of some changing load is equal to the sum of the creep defor¬ 
mation due to the action of the increasing load. Assuming that the 
creep curves are similar, i.e. for various t * const, their ordinates 
are proportional to some function of the stress 4(t), we get an expres¬ 
sion connecting the creep deformation to stress. For loading in 
steps at constant temperature, 

T n 
y (tn) - + 4(1^(^+^(4 (Ti) - 4(Ti - 1)] F(Ati) 

^ is the initial displacement caused by 

assumed, in accordance with the test 

where -Ü ■ 
Gi 

total load t„, assumea, in accoraance wicn me rest 
tional to this load, in is the initial load (first 
time of action of this load; Ati is the interval of 
of each i - th stage of the loading; t„ is the time 
placement is determined, and F(t) is tne analytical 
creep curve for a unit load t - 1. 

the action of the 

data, to be propor- 
stage); tg is the 
the time of action 
at which the dis- 
expression of the 

Proceeding from the previous expression and taking into consid¬ 
eration that the failure is determined when the displacements reach a 

* Determined as the average of the last three days. 
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certain constant value, regardless of the type of loading, we must 
obtain matching values of Tit, determined experimentally, both for 
gradually-increasing, and for constant, loads. Comparison of the 
data in Tables 15 and 16 corroborates the validity of such a matching. 

Let us now proceed to the development of the relationship 
between tangential stress and strain. The appropriate curves are 
shown in Figure 20. The relative displacement of the pulled-ovt piles 

Y = g- is plotted as the abscissa, at the end of each stage. An 

analysis of the data has shown that the curves fit the exponential 
relation: 

T = AY®, (24) 

where A is the deformation modulus (kg/cm^), equal to the load for 
which the rod moves a distance equal to its diameter; a is the strength¬ 
ening coefficient. These parameters depend upon the type cf soil, 
temperature, and moisture content, as well as upon the method of 
emplacing the rods. 

The accuracy of equation (24) is verified by the rectilinearity 
of the curve when the experimental points are plotted logarithmically. 
Frorti this graph, the parameter a is determined as the slope of the 
straight line, as well as the value of In A, which corresponds to 
the intersection of the straight line with the ordinate axis. For 
example, in experiment 22 (silty, muddy soil; e = -0.4C, driven pile), 
we obtained A = 30.5 kg/cnr, and o = 0.715; for experiment 28 (sandy 
loam, 9 = -0.4C, frozen-in pile), we obtained A = 23.8 kg/cm^, and 
a = 0.75. However, equation (24) is accurate only for stabilizing 
displacements, i.e. until the load reaches the limit of long-term 
strength. After this limit, a sharp departure of the experimental 
points from the curve occurs. This departure is explained by the 
appearance of permanent deformations, the values of which are deter¬ 
mined not only by the load, but also by the time of action. Thus, 
the point of inflection "a" of the curve Y = f(-r), which is sharply 
marked on the logarithmic graph (Figure 20), characterizes the transi¬ 
tion from damped strain to permanent strain, i.e. it determines the 
long-term strength. 

For the samples examined, the values of determined by this 
method, were as follows: experiment ^2, = 0.75 kg/cm^, and in 
experiment 28, xit = 0.5 kg/cm^. According to indirect determinations 
(Table 16), these quantities are also equal to 0.75 kg/cm1 and 
0.5 kg/cm^. 

In Table 17, the experimental values of Y and those computed from 
equation (24) are given; the dotted line indicates the beginning of 
the divergence between these values, which corresponds to the inflec¬ 
tion of tho curve. 

5. Visco-plastic flow 

The mechanism of deformation in the stage of visco-plastic flow 
is characterized by a relationship between stress and rate of flow. 
Pull-out experiments of model piles have shown that in a definite 
range of stresses that does not exceed the limiting value of by 
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Table 17. Experimental and theoretical values of the displacement 

Experiment 22 Experiment 28 

CN 
V. y 

O' 
X 

Y • 104 -In Y <N 

O' 
X 

Y • 104 -In Y 

Expmt. Theor. Expmt. Theor. Expmt. Theor. Expmt. Theor. 

0.2 
0.4 
0.6 

8.57 
22.8 
40.0 

8.7 
23.0 
41.0 

7.06 
6.08 
5.52 

7.04 
6.07 
5.50 

0.2 
0.3 
0.4 

0.5 

17.1 
30.0 
40.0 

57.1 

17.1 
29.0 
42.0 

58.0 

6.37 
5.81 
5.52 

5.17 

6.37 
5.84 
5.46 

5.15 0.8 

1.0 
1.2 
1.4 

74.3 

148.5 
337.1 

61.5 

84.0 
108.0 
Pile pu 

4.89 

4.21 
3.39 

lied put 

5.09 

4.78 
4.53 

0.6 
0.7 
0.8 
0.9 

88.5 
137.0 
246.0 

75.0 
92.0 

109.0 
Pile p\ 

4.73 
4.30 

■ 3.71 
illed out 

4.91 
4.71 
4.52 

much, i.e. for moderate rates of deformation, the relationship between 
the steady rate of displacement of the pile (dYfj/dt = = const) 
and the excess stress (t - T^t) can be described by 

Cfl = (x - Tlt)ß, (25) 

where B > 1 and n' are parameters depending upon the type of soil, its 
temperature, moisture content, and the method of emplacing the rods. 
However, for some (plastic) soils the value of B is close to unity 
for a narrow range of stress variation. Therefore in such cases, we 
can use the linear relationship (Figure 21) between and (t - r^t) 
in the Bingham-Shwedoff form. 

;fl W... (T - Tlt> ' 
ov 

(26) 

where iipV is the plastic viscosity, appearing as functions of e and W. 

The value of tj*» corresponding to the transient conditions from 
damped to permanent deformation, can be determined from the graph 
Ç » í(t) (Figure 21) through the value of the segment of the ordinate 
axis intercepted by the continuation of the straight line (or the 
smooth curve); this follows from the condition t « Tit, for ç » 0. 
The values of i]_t obtained by this method, as well as the values 
determined indirectly from experiment, are given in Table 18. From 
that table, one can see that the agreement obtained is quite satis¬ 
factory. In that table, the values of npv are also given, computed 
as the slope of the curve Çfi » f(t), for 6 = -0.4C. 

In shear, the coefficient of viscosity for ice (according to the 
literature) ranges between 1014 and 1015 poises; hence, it is larger 
than the value for rods surrounded by frozen soil. For frozen-in rods, 
the coefficient n is larger than for driven rods by a factor of 2 to 8; 
this is explained by the effect of the ice film. In shear, most of 
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r, hy/c*1 

Figure 21. Relationship between 
the rate of displacement of model 
piles and the applied stress. 

(1), (2), (3), are for driven 
model piles; (4), (5), (6) for 
frozen-in piles; (7) is for fro- 
zen-in piles with indentations. 
Soils (1) and (7) are varved clay 
(experiment 16 and 35); (2) , (3) , 
(4) are heavy, sandy loam (exper¬ 
iment 24 , 24a, and 25); (5) is 
silty, muddy soil (experiment 23); 
(6) is light loam (experiment 28). 

Table 18. Values of rlt and »ipV (8 * -0.4C) 

.iw 
o 

V 

I u 
<D +J 
a c 
X V 
a> e 

e -H 
3 V 
z £ 

•p 

22,23 
24,25 
24 

21 

28 
26,27 
16,35 
35 

Soil 

Silty, muddy 
Heavy, silty, sandy loam 
The same, according 
to the data of tests 
with constant stresses 
Damp, heavy, silty, 
sandy loam 
Light, silty loam 
Light loam 
Varved clay 
The same, pile with 
an indentation 

Driven piles 

<*■» 
H 0) 
I 10 
O -H 
H O 
. & 

4.0 
1.75 

1.85 

0.75 

0.9 
1.95 

Tlt, kg/cm2 

Analyt. Expmt. 

0.75 
1.3 

1.1 

0.8 

1.2 
1.4 

0.8 
1.25 

1.30 

0.8 

1.1 
1.3 

Frozen-in piles 

rs 
H 0) 
I (0 
O -H 
rH O 

(U 

Analyt. Expmt. 

9.75 
14.4 

6.2 
4.5 
2.7 

0.7 

Tlt, kg/cm2 

0.75 
0.9 

0.7 
0.9 

0.40 
0.65 
0.8 

0.8 

0.45 
0.6 
0.7 

0.75 

the properties are deduced from the results of pull-out tests of frozen 
in rods having annular notches (experiment 35) in which shearing of 
toil against soil is occurring. In addition, since the influence of 
the ice film was almost insignificant, the values of the coefficient 
of viscosity obtained were not significantly lower than for smooth 

rods. 
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The displacement of rods has been previously examined. However, 
in addition to sliding of the rod itself, a shearing deformation occurs 
in the surrounding soil, caused by the moving of its particles as the 
rod moves. First, the soil is displaced together with the rod; 
secondly, when the strain reaches a limiting value, the cohesion 
between the soil and the rod is broken and the rod slides through 
the ground. Proceeding from the Bingham-Shwedoff law for visco¬ 
plastic flow (4), for an arbitrary point at a radial distance p and 
a displacement u of the rod, we can write (Figure 22), 

P 
Tlt 

where * 2*pl is the area of the shearing sur¬ 
face; rPis the radium of the rod, and is the 

gradient, along the normal p to the direction of 
motion, of the rate of displacement (u) of the 
soil particles, v * ^u. 

Hence the deformation of the soil surrounding 
a pile is governed by the following differential 
equation: 

-2irp1n + 2,pltlt = P. 

Integrating this equation and using the 
boundary conditions: v » vq at p = r and v = 0 
at p * R, where R is the radius of the region of 

deformation of the soil, we get nv0 » In 5. - 

T (R — r) • 

vq denotes the rate of displacement of the 
soil particles at the soil-rod interface. 

Figure 22. 

Region of visco¬ 
plastic deforma¬ 
tion of the soil. 

Considering that 

p _ 2irRlTlt R 

P"lt = Swrlx'ft' ” r' 

we obtain 

nVo “ Î7T ln PK ' Tlt r(^ 

or setting 

P = 2»rlT 

we shall have 

and 
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This equation can also be expressed as an average rate of relative 
shear: 

*av rln^ 

T - T 

In 

_ ï 
Tlt J 

To simplify these relations, vw shall expand In f r \in a power 

series; keeping the first non-zero term, we get 

v0 

and 

av 

[T - Tit)2 

T " Tlt ' 

5“ (T “ Tlt)* 
n 

(27) 

Hence for shear, the viscosity of frozen soil particles (for 
e a const) is determined by the expression, 

<T - Tlt>' 
T + Tlt 

(27a) 

it will be different from the value of the apparent coefficient of 
viscosity for the sliding of the rod through the soil, as determined 
by equation (26). The displacement of the rod does not obey equation 
(27), obtained for an axially symmetric loading; it is governed by 
Bingham's equation (26). This is explained by the different character 
of the processes of sliding of the rod through the soil, and of shear¬ 
ing of the particles around this rod. On the other hand, it can 
indicate a non-linear relationship between stress and the rate of 
flow of frozen soil for pure shear, as described by equation (25). 

6. Conditions, for similarity of piles of various dimensions 

The investigations have shown that the specific pull-out stress, 
i.e. the stress per cm2 of lateral surface of the pile, depends upon 
the dimensions of the piles both for the instantaneous and long-term 
cases. The influence of the dimensions of the piles on the instan¬ 
taneous adfreezing strength was noted even earlier by N. A. Tsytovich, 
I. C. Vologdina, and N. I. Saltykov. The latter showed that the 
strength diminishes as the diam of the piles increases, in accordance 
with a dampening law; he suggested that for d > 16 - 20 cm, the change 
of the diameter ceases to influence the value of T¿nst. 

In order to investigate this question more thoroughly, pull-out 
tests on frozen-in and driven pile models with various l/d ratios were 
performed. The stress was applied both instantaneously and in stages which 
were maintained for equal time intervals (Figure 23). For driven 
piles, the diameter of the holes was 0.9d of the pile, whereas for 
frozen-in piles it was 1.45 d. The experiments were conducted with 
varved clay and sandy loam at e « -0.4C. The experiments showed that 
the value of the displacements of the piles increases as their 
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diameters increase, since this is related not only to the absolute 
value of the displacement X, but also to relative value Y ^ (Figure 

23). Consequently, the pull-out of piles of larger diameter occurred 
for a smaller value of the specific stress t * —^ analog°U8 

phenomenon occurs for frozen-in piles. In order to eliminate the 
influence of deformation of the soil surface, and to obtain the shear 
directly at the soil-pile interface, an experiment was conducted with 
a load on the surface. In this case, the pull-out resistance of the 
pile decreased, confirming the role of the soil mass in the work of 
the pile. However, even undrr that condition, the value of the pull¬ 
out stress was found to depend upon the diameter of the pile. 

Figure 23. Pull-out tests of model 
piles of various diameters. 

a. Displacement of the pile for 
loading in steps, b. Relation 
between the stress and the relative 
displacement. (1), (2), and (3) are 
respectively d = 70 ma ; 35 ma ; and 
17.5 mm. 

From Figure 24a, one can see that as d increased by a factor of 
4 (for 1 - const), the specific strength under long-term pull-out 
decreased by a factor of approximately 1.8. It was also noted that 
t decreases as d increases, even when the length and diameter of the 
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pile increases in such a way as to maintain l/d constant (Figure 24b). 
On the other hand, when only the length of the pile is increased, 
keeping d « const, the adfreezing strength decreases somewhat. Thus, 
the tests of model piles of small dimensions give excessive values of 
the adfreeling strength as compared to the values for real piles. 
The actual values are asymptotic limits approached by the curves 
showing the dependence of r upon the dimensions of the piles. Taking 
into account the damping character of the above-mentioned curves, 
one must agree with N. I. Saltykov, that for sufficiently large 
dimensions (d > 15 - 18 cm), the influence of the diameter of the pile 
is insignificant. Therefore, results of tests of actual piles must 
give values of Tlt close to the actual values. 

Figure 24. Influence of the dimensions of the pile 
on the adfreezing strength. 

a. Variation of the pull-out stress (t) vs the diam¬ 
eter (d) of the pile for 1 = const, for the following 
cases: 1) instantaneous loading, 2) loading in steps 
(At = 240 hr),-3) the same as 2, but with loading of 
the surface, b. Variation of the pull-out stress 
(t) vs the area of the lateral surface of the pile for 
1/d = const; loading in steps (At = 1 hr). 

In the experiments with models, it is necessary to take into 
account the conditions of similarity which we shall examine below. 

The question of the similarity of the visco-plastic flow has 
been investigated in general by N. V. Tyabin (1951). At the author's 
request, he has been so kind as to completely solve the axi-symmetri- 
cal problem (unpublished) examined below. The' Bingham-GenM-Ilyushin flow 
equation for the three-dimensional problem is written by N. V. Tyabin 
as follows: 

p (F - w) - Vt + “Hlv + V0 = 0, (a) 

where p is the density; F is the external force acting on the unit 
mass;(ü is the acceleration; t is the mean shearing stress; n is the 
plastic viscosity; e is the tensor of the yield stresses; v is the 
differential operator, and v is the rate of shear. 
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For a steady process, the condition of similarity, i.e. the dimen¬ 
sionless form of the solution (a) in the axially symmetric case (Figure 
22), is the following 

eu = r(Re, A, n (b) 

A = —j is the Tyabin number, and r « i/d is the ratio of the length 
pv 

of the pile to its diameter. 

For both full-sized (N) and model (M) experiments, the density, 
viscosity and yield stress (adfreeze strength) are equal, namely: 

PN “ °M' nN = nM and Tlt(N) = Tlt(M)* 

Hence, from the conditions Re(N)= Re(M)' AN = AM' and rN = rM' 

we deduce 

This means that the dimensions of the pile models must be equal 
to the full-sized piles, or the similarity conditions will not bo ful¬ 
filled. The experimental data also led to this conclusion. How then 
is one to proceed to use models under laboratory conditions when the 
dimensions of the model are significantly smaller than those of full- 
sized piles? Let us assume that the viscosity and the limiting long¬ 
term shearing stress are respectively equal, constant and known for 
both full-sized and model piles. The rate of flow v and the dimensions 
of the pile 1^ and d vary. Then the similarity condition takes the form, 

hence 

ÏÎ1 = 1N _ dN 

VM 
(d) 

This is the similarity condition; therefore, the similarity of 
the process is ensured when the ratio of the rates of flow equals 
the length - diameter ratio. Let us assume that d« and 1N are constant 
and that we wish to model the pull-out of piles under various stresses 
T, i.e. for various rates of flow, in order to plot the curve of the 
long-term strength or the graph of the relation'between t and v, and 
determine through it. Then, to ensure similarity conditions, one 
must change the values of 1 and d of the model for each different 
value of t; this allows the change in the rate to satisfy condition 
(d). Observing this condition, and changing the rate of flow for each 
test with a given 1 and d, one can obtain a value of the pull-out 
force for full-sized piles from the dimensionless relation (b) written 
in the following form: 

Eu = K1 raRe + k2 rYA6 (e) 

The coefficients and Kj and the parameters a, S, Y, and S are 



86 RHEOLOGICAL PROPERTIES AND BEARING CAPACITY OP FROZEN SOILS 

determined experimentally from the graphs of the relation Eu = 
^1 (D, Efj = an<^ Eu “ ^3(A)» other dimensionless numbers remain¬ 
ing constant and p, n and being known (r^t can be determined from 
a test for pure shear). As a result, we get a formula which deter¬ 
mines the pul]-out stress for any dimensions of the pile, 

Plt =* irdl (K1raR| + K2rYA5). (f) 

Nevertheless, one must note the complexity of determining the 
parameters of this equation, as well as the lack of clarity of the 
relation between yield stress and adfreezing strength of the soil with 
piles. These factors render the above procedure inadequate for prac¬ 
tical application in laboratory experiments. However, with the 
accumulation of experimental data, it appears that, using the consid- 
erations revealed above, it will be possible to find conversion 
factors for the transition from laboratory data to full-scale which 
are acceptable for practical purposes. 

One can arrive at the same conclusions concerning the similarity 
conditions for piles of various dimensions with simple constant 
criteria, if one examines the condition of its limiting equilibrium, 
proceeding from the theory of similarity of elasto-plastic media as 
developed by V. V. Sokolovskiy (1950) and V. A. Florin (1948) , instead 
of the visco-plastic condition of the soil around the pile. For a 
body obeying: 

(1) in the plastic region, the Saint-Venant condition t = c = 
const, and' 

(2) in the elastic region,_the non-linear relation 7 = 4^7) 
connecting the shearing strain Y and the tangential stresses t, any 
solution of the three-dimensional elasto-plastic problem must satisfy 
the equations of equilibrium and the equations of compatibility as 
well as the equation of plásticity. The identity of the equations 
for full-sized and model piles constitutes the similarity criterion. 
It is ensured only if the ratios of the scales satisfy the equality. 

where aT is the ratio of stresses for full-sized and model piles; au 
is the ratio of the displacements; aq is the ratio of the cohesion 
forces; aq is the ratio of the body forces, and ae is the ratio of 
linear dimensions. It therefore follows that the distribution of 
stresses and the configuration of the actual and model plastic regions 
will be similar only if the volumetric weight of the soil in the 
model is increased in the same proportion as the ratio of the linear 
dimensions of the full-sized model. Such modelling is only possible 
in a centrifuge. 

7. Limiting long-term adfreeze strength of soil with wooden rods 

The combined results of calculations of the instantaneous and 
long-term yield stresses of soil along the lateral surface of pile 
models, i.e. the adfreeze strengths, are given in Table 19. 

Above, all the fact that the long-term yield strength of driven 
piles is significantly higher than that of frozen-in piles is worth 
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Table 19. Resistance of frozen soils to movement along the surface of 
wooden rods (adfreeze strength) according to laboratory experiments 

Soil 
Tempera¬ 
ture °C. 

Moisture 
Content % 

Natural 
After adfreezing 
(for frozen-in 

piles) 

Frozen-in 
piles 

Driven 
Piles 

Strength t. kg/cm2 

Tinst Tlt Tinst Tlt 

Heavy, silty, 
sandy loam 
The same 
The same 

damp 
Light, sandy, 
clayey soil 

Sandy, silty, 
muddy soil 
Varved clay, 
dense 

■3.6 
-0.4 

■0.4 

■0.4 

■0.4 

■0.4 

34 
30 

47 

36 

34 

42 

42 
35 

44 

35 

30 

45 

11.5 
4.1 

4.2 

3.5- 
4.2 

2.6 
0.75- 
1.0 
0.6 

0.5-- 
0.7 

0.7 

0.5 - 
0.6 

10.3 
4.8 

3.8 

4.6 

4.5 

4.0 
1.3 ■ 
1.4 

0.75 

1.0 

1.0 

1.0 
1.5 

noting. This can be explained as follows: (1) the strength of the 
pile emplacement increases due to frictional forces arising from the 
compression of the soil during driving of the piles; (2) on the other 
hand, the stability decreases because of the influence of the film. 
This film, forming around the frozen-in piles, has a weakening 
influence, since the long-term strength of ice is close to zero. 
The gradation and plasticity of the soils have a lesser, but appre¬ 
ciable, influence on the adfreeze strength. The greater the clay and 
silt fractions of the soil, the higher their plasticity and moisture 
content, and the smaller the adfreeze strength (for driven, as well, 
as for frozen-in piles). The effects of the unfrozen water, and the 
small value of the friction in fine-grained soils, are evident in 
this behavior. Varved clay is an exception, giving quite large values 
of t for driven piles; this is due to the increased density of these 
soils. It is interesting to note that when the natural structure of 
varved clay breaks up during emplacement of piles by the freezing-in 
method, its adfreeze strength is the lowest in comparison to other 
soils. This emphasizes the importance of the structure and structural 
stability of frozen soils. 

The adfreeze strength, like other strength properties of frozen 
soils, depends strongly upon the temperature. Thus a drop of e from-0.4C 
to-3£C increases by a factor of approximately 2.5 to 3.5 (Table 19). 
The influence of temperature on the adfreeze strength is illustrated 
in Figures 25 and 26. In Figure 26a, the test data for piles placed 
by steaming into silty, sandy loam and loam soils under field conditions 
are given. The data concerning the apparent adfreeze strength, ob¬ 
tained by I. N. Votyakov under laboratory conditions, for the punching 
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of frozen-in rods under short duration loads growing in steps, are 
given in Figure 26b. The relation between t and 0 is described by 
the same type of empirical formula as (23), i.e. 

t = Tg + aVj ej , (28) 

where xg is the adfreeze strength at a given temperature and a is a 
parameter dependent on the type of soil and its moisture content. 

Figure 25. Curves of the long¬ 
term adfreeze strength at var¬ 
ious soil temperatures. Heavy, 
silty, sandy loam; (1), and (2) 
are, respectively, for a temp¬ 
erature of -3.6C and -0.4C. 

Figure 26. Variation of the adfreeze 
strength with temperature, 
a. Long-term field tests: sandy loam 
and loam soil; b. Short-term labora¬ 
tory experiments: (1) sand, (2) loam. 
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8. The adfreeze strength of ice with wooden rods 

These tests consisted of pulling out wooden rods frozen into the 
ice (Figure 27); for this purpose, holes with d - 50 ran and 120 mm 
were drilled in the floor of the vault. Water was poured into the 
holes, and model piles were inserted for subsequent freezing-in. 
For rapidly increasing stresses, the failure had a clearly marked 
brittle character; it was accompanied by a sharp snap and by the 
shattering of the ice, separate fragments of which clung to the pulled- 
out rod. During the long-term action of the stresses, the rod slid 
through the ice. A characteristic peculiarity of the deformation 
process is the concavity of the curves representing the growth of the 
deformation with time (Figure 27b). The last circumstance reflects 
the tendency of the rate of sliding of the rod to increase continuously. 
However, for a certain segment of the curves, this rate can be consid¬ 
ered approximately constant, especially for small stresses. The 
concavity of the deformation curves of ice was also noted by other 
investigators (Kartashkin, 1947) , and is obviously caused by the re¬ 
orientation of the ice crystals during the flow process. 

The duration of the process of viscous flow for small values of 
the stress turned out to be large enough (up to 3000 hr and more) for 
this process to end by the pull-out of the piles in all cases, except 
one, even for t = 0.5 to 0.3 kg/cm2. It is interesting that the 
displacement of one of the piles (for t = 0.3 kg/cma) stabilized 
itself after reaching 0.2 mm, and did not change for 4150 hr. However, 
after approximately 12,00C hr, a marked and visible increase of the 
displacement was detected; 13,000 hr after the beginning of the test 
the pile was pulled out. In another case, for t = 0.4 kg/cm2, the 
displacement of the pile reached 0.65 mm after 6,000 hr, and yet the 
pile was not pulled out after regaining 9,000 hr under stress. This 
interesting phenomenon of sudden weakening is explained, according to 
B. A. Savelyev's theory, by a change in the structure of the ice and 
by the re-orientation of the crystals bordering its layer, as a result 
of the long-term action of tangential stresses. 

Thus, the limit of the long-term adfreeze strength of ice 
either does not exist, or is quite small, and at any rate it does not 
exceed 0.2 kg/cm2 for e = -0.4C; this is significantly lower than x 
for frozen soils. The low strength of ice under long-term loading may 
be explained by the instability of the ionic lattice of ice, since 
there are 100 times less ions of hydrogen than of oxygen and the 
former possess a great mobility, taking root easily in the inter¬ 
nodes of the lattices. The formation of a field of tension increases 
the intensity of this process significantly. As a conclusion, let 
us point out that in agreement with the last investigations of Glen 
(1952, 1955), K. F. Voitskovskiy, S. S. Vialov and others, the flow 
of ice is described, not by Newton's law (3) for an ideal viscous 
liquid, but by the power relation = kxn (where k and n are con¬ 
stants) ; this ice flow develops for any x larger tïïan zero. 
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Figure 27. Adfreeise of ice with piles: e ■ -0.4C. 
a. Curve of the lonq-term strength (I is the initial 
portion of the curve), b. Growth of the deformation 
in time, for pull-out of piles under various constant 
stresses t equal to: 

/em2 i: 
(5) 0. 

5 kg/cm2 (pile 183) 
8 kg/cm2 (pile 209) 
6 kg/cm2 (pile 210) 

1.0 kg/cm2 
0.7 k 
0.55 

:g/cm2 
kg/cm- 

0.4 kg/cm2 

(pile 184) 
(pile 134 

' (pile 64) 
(pile 137) (7) 0.4 kg/cm2 (pile 218); (8) 

(9) -0.4 kg/cm2 (pile 212). 
c. Growth of the deformation for a stress applied in 
steps (pile 54). 
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CHAPTER IV. TENSILE STRENGTH AND COMPRESSIBILITY 
OF FROZEN SOILS 

1. Long-term tensile strength of frozen soils. 

A study of the strength of frozen soils under tension is necessary 
not only for knowledge of the general laws for the simplest types of 
loadings, but for the development of the condition of limiting stress 
as determined by the relationship between normal (compressive and 
tensile) and tangential stresses (see Chapter V). In addition, tensile 
strength is one of the stability characteristics which must be known, 
for instance, to evaluate the operating strength of frozen soils, to 
study the formation process of frost fissures, etc. Investigation of 
the tensile strength of frozen soils for rapid application of loads 
was conducted some time ago by Pchelkin, Evdokimov-Rokotovskiy, 
Faintsimmer, Tsytovich and others. The long-term tensile strength 
began to be studied for the first time in 1949 (Berezantsev, 1949, 
1953). Our experiments were carried out with undisturbed samples, and 
consisted of the breaking of "figure eight" specimens on the apparatus 
by Mikhaelis, under various stresses, starting from stresses causing 
instantaneous rupture and ending with long-term non-rupturing stresses* 

The curves of the long-term strength (Figure 28) were drawn from 
the experimental results. It can be seen that these curves are very 
similar to the curves of the long-term adfreeze strength. They are 
characterized by a sharp reduction of strength in the initial time 
interval, and by a long-term (lasting more than 1,000 hr), but small, 

OJg/c*2 .C f— 
V- 

> 

\ o 

r-u 

0 WO 200 000 WO 000 SOO 700 1200 
Ar> 

Figure 28. Curve of the Long-term 
Tensile Strength. Heavy Silty Sandy 
Loam, e =* -4.2° (Exp. No. 23) 

* For more details, see S. S. Vialov, 1954. 
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weakening afterwards. The results of the tests are compiled in Table 
20. Compare the tensile strength of frozen soils with the value of 
the equivalent cohesion. The determination of this cohesion by the 
indentation test for the same samples, for which the values of the 
tensile strength are given in Table 20, gave the following results: 

No. of test 212 215 210 211 217 

cinst (kg/cm2) 11.7 12.8 9.0 8.2 15.1 

clt 0c9/cm^) “ 2*5 2.0 3.0 3.2 

Table 20. Instantaneous (otinst* and limiting long-term 
tensile strength otit undisturbed frozen soils 

Note: See Table 1 for the properties of these soils. 

Soil 

212 Heavy, silty loam 
215 Light, silty loam 
210 Light, silty, d«unp, 

sandy loam 
211 Heavy, silty, sandy 

loam 
217 The same 

Mois¬ 
ture 

Content 
« 

36 
30 
31 

30 

28 

Temper¬ 
ature 
•C 

-4.2 
-4.0 
-4.3 

-4.6 

-3.7 

23.5 
20.4 
20.0 

23.1 

1.7-1.8 
1.6- 1.7 

1.8 

1.7- 1.8 

1.4-1.5 

We can see by comparing these data with those in Table 2", that 
the instantaneous tensile breaking strength was larger than the instan¬ 
taneous cohesion by a factor of 1.5 to 2.2. This more or less obeys 
the Saint-Venant plasticity condition, according to which c = ''t. 

~T 
Let us note that analogous data were also obtained in the laboratories 
of the Permafrost Institute by V. S. Faintsimmer. The long-term 
tensile strength, on the contrary, turns out to be smaller than cit, 
i.e. 0.5 to 0.7 times smaller (0.9 for damp soil). This can be 
explained by strengthening of the soil during the long-term penetration 
of a ball, whereas for tension the broken bonds are not restored; the 
collapse mechanism in this case is the same as for compression or shear. 
From this point of view, it is significant that c¿nst/clt = 3 to 5 when 
0tinst/°tit = I2 to known that the tensile strength of frozen 
soil is less than the resistance to compression, since in the last case, 
binding of the solid particles causes a strengthening of the bonds 
and the soil "skeleton" is included in the work. Under tension, 
stresses are taken only by the forces of molecular attraction between 
the soil particles, ice and the water film, i.e. by the forces resis¬ 
tant to tension. Proceeding from all these facts, it is impossible 
to determine the long-term cohesion (in the sense of Saint-Venant) 
through tension tests (as is sometimes done); there is however a 
definite connection between the two properties, since cohesion enters 
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into all types of strength of frozen soil under stress, including the 
tensile strength. 

In conclusion, note that although the weakening of the tensile 
stresses occurs at a significantly higher rate than .the weakening of 
cohesion forces (<,t¿nst/°tit = 12 - 16) , it is nevertheless not infi¬ 
nite in practice; this is explained by the high resistance to rupture 
of frozen soils. From this point of view, the data of experiment 210 
are extremely significant: 

Stress(kg/cm^) 20.0 10.0 6.0 5.0 4.0 2.5 2.0 1.8 
not 

Time preceding 9sec 3sec 27min 4hr 24hr 140hr 766hr broken 
collapse: 

All the loads, starting with = 2 kg/cm^ are larger, led to 
failure; ot * 2.0 kg/cm2 caused failure in 766 hr. For a load of 
ot * 1.8 kg/cm2, failure did not occur although the sample remained 
under this load for approximately six years (it was protected from the 
air during this period), For all practical purposes, this conclusively 
establishes the existence of a fundamental strength characteristic of 
frozen soils, i.e. a limiting long-term strength. 

2. Compressibility of frozen soils 

Until recently, frozen soils were considered as incompressible 
rocks. However, by 1951 the author, on the basis of experiments on 
the penetration of indenters (Vialov, 1954)* had established that such 
an assumption is incorrect. Those tests were the first to show that 
plastic frozen soils, particularly at temperatures close to 0C, are 
capable of deformation under compression. In order to study this 
question thoroughly, investigations were conducted on the compressibil¬ 
ity of frozen soil. Apparatus adapted for compression tests of thawed 
soils were used in the experiments. The investigations were conducted 
with undisturbed soils, the properties of which are listed in Table 1. 
Associated with the duration of damping of the penetration rate, each 
test lasted more than 3,000 hr. The test results are given in 
Table 21; the values of the relative compression e = Ah/h (h is the 
initial height of the sample, and Ah is the deformation due to compres¬ 
sion) are also given in Table 21, and in Figure 29 where the compres¬ 
sion curves are plotted. The data in Table 21 are in agreement with 
the results of experiments subsequently carried out at the Central 
Laboratory of the Permafrost Institute. Nevertheless, the figures 
quoted may be excessive because of errors introduced by the apparatus 
or by the experimental conditions. 

The data reflect the results of loading without subsequent unload¬ 
ing, i.e. they include both residual (consolidational) and recoverable 
deformations. The latter, under conditions which do not permit lateral 
expansion of frozen soil, reach a rather large value, equal, for a 
maximum load of 20 kg/cm2, to 50% or more of the total deformation. 
Consequently, the coefficient of residual compression for p * 20 kg/cm 
is equal, for the tested soils, to epi = 0.04 for 6 * -0.3C, 

* See also footnote on p. 40. 
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Table 21. Relative compression e of frozen soils 

Exper¬ 
iment 
No. 

Soil Tempera- 
ture °C 

Compression load, kg/cm* 

1.0 2.0 4.0 7.0 12.0 20.0 

7.9 

12 

Light, silty 
loam. 

w » 32% 

-0.3 

-1.4 

0.0165 

0.010 

0.025 

0.016 

0.039 

0.0225 

0.056 

0.032 

0.087 

0.049 

0.112 

0.052 

6.8 

10 

Light,silty, 
sandy loam, 
w = 28.5% 

-0.3 
-1.4 
-3.6 

0.013 
0.008 
0.005 

0.0215 
0.013 
0.0085 

0.041 
0.020 
0.014 

0.066 
0.029 
0.0215 

0.0835 
0.046 
0.035 

0.055 

Figure 29. Curves of the 
compressibility of frozen 
soils. 

a. Silty loam. 
b. Silty, sandy loam. 
U) , (2) , and (3) are, 
respectively, for high 
temperatures of -0.3C, 
-1.4C and -3.6C. 

h.MM Q 

epi = 0.025 for e » -1.4C, and ep! = 0.01 for 6 = -3.6C. The air 
content in the loam examined was equal to approximately 4% of the 
total volume. Comparing this figure with the data in Table 21, we 
see that, starting with p 2 4 kg/cm2 at e * -0.3C and p > 7 kg/cm* 
for 8 = -1.4C, the compression deformation exceeds the value, which 
can be explained only by the squeezing out of air contained in the 
frozen soil. Consequently, for sufficiently large stresses, not only 
an elastic compression of the constituent components of a soil and a 
squeezing-out of the air contained in it occur, but also melting and 
squeezing-out of the ice. This problem will be examined in more 
detail in Chapter VI. Here, we shall only note that the squeezing-out 
of the ice during compression tests (with subsequent shear) is veri¬ 
fied by the fact that the surface of a sample was covered by an ice 
film after a test; in addition, the ice also filled the openings of 
the porous disc, through which the stress was transmitted, although 
a filter paper was put between the soil and this disc. 

This compression of the soil, explained by squeezing-out of the 
moisture formed as a result of the melting of the ice, occurs only for 
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values of £ exceeding a certain limit. In accordance with the inves¬ 
tigations of V. I. Ivanov ("Data on Laboratory Investigations of 
Frozen Soils", 1957), the relationship between the rate of filtration 
of the water film and the hydraulic gradient I can be expressed by 
the formula: v = k(I - Iq)> where k is the coefficient of permeability. 

Therefore, in both frozen and thawed soils, the process of transfer 
of the moisture film begins only when the hydraulic gradient I reaches 
a certain minimum value Ifl, called by S. A. Roz in 1950, the '"‘initial 
pressure gradient (of percolation)," balancing the surface tension of 
the water film. In addition, since the coefficient k is quite small 
for frozen soils, consolidation of the soils proceed-very slowly and 
stabilization of the settlement occurs after an extremely long time 
interval. 

For frozen soils at low temperature, the value of the total defor¬ 
mation of compression is small, and such soils can be considered as 
almost incompressible. However, for frozen soils at relatively high 
temperatures (close to 0C), the total compression reaches an appre¬ 
ciable value, being equal, for instance, to 1.5 to 4 cm per running 
meter of the compressible stratum at 0 = -0.3C and p = 1 - 4 kg/cm^; 
such a settlement must be taken into consideration. Therefore, in 
spite of existing opinion, the above-mentioned soils under the given 
conditions must be considered as compressible. The calculation of 
the settlement of these soils can be performed by standard methods of 
Soil Mechanics, taking into account the marked variability of the 
coefficient of compressibility ao = e/p. To illustrate the variation 
of this coefficient, its values (for light silty, sandy loam) are given 
in Table 22 for constant Values of £. 

Table 22. Values of the reduced coefficient of 
compressibility ag for silty, sandy loam 

Coefficient of compressibility ag for 
a compression load p (kg/cm2): 

E M 
01 9 
Eh -P 

« 1.0 2.0 4.0 7.0 12.0 20.0 

-0.3 
-1.4 
-3.6 

0.0130 
0.008 
0.005 

0.0110 
0.006 
0.004 

0.010 
0.005 
0.0035 

0.009 
0.004 
0.003 

0.007 
0.004 
0.003 

0.003 
0.0025 
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CHAPTER V. LIMITING STRESS-CONDITION OF FROZEN SOILS 

1. General principles 

It is well known that the loss of soil strength is explained by 
the growth of irreversible shear deformations along the so-called slip 
surfaces. These deformations arise when the maximum tangential stress, 
acting at a given point, exceeds some limiting value corresponding to 
the shearing strength of the soil. The limiting equilibrium condition 
for an elementary area of sliding is determined by means of the rela¬ 
tion between maximum tangential stress xn and the normal component of 
the stress an, at the time preceding shear. In the general case, it 
is described by the non-linear Mohr relation. 

i Tnl = ^(°n) (29) 

This condition is represented graphically by a curved envelope. 
For cohesive, unfrozen soils, the curve is usually approximated by the 
straight line. 

I Tn| = c + on tan# (30) 

(the parameters c and #, as usual, designate the cohesion and the angle 
of internal friction). 

For ideally plastic bodies (# = 0), the limiting stress condition 
becomes the Saint-Venant condition, 

c = const (31) 

according to which, at any point of the plastic region, the maximum 
tangential stress has a constant value equal to the internal cohesion. 
The Mohr envelope becomes, in this case, a horizontal straight line. 

The limiting stress condition has an exceptionally important role 
in Soil Mechanics, since it is the fundamental relation chrough which 
the strength of the soil is determined. Until recent times, a normal 
working hypothesis assumed that the limiting stress condition of 
frozen soils obeyed condition (31), i.e. the shearing resistance of 
soils was expected to be independent of the normal component of the 
stress, and to be determined by the cohesion alone: the so-called 
friction is equal to zero. However, a series of indirect indications, 
i.e. the difference between compressive strength and tensile strength, 
the failure to fulfill the equality tfi = = const, and other data, 

lead the author to doubt the accuracy of this assumption. To reveal 
the actual condition of the limiting stress condition of frozen soil, 
the author carried out in 1952 - 1953 a series of tests on the shear 
of these soils for various normal pressures (Vialov, 1957). In 1953, 
analogous tests were also conducted at the Central Laboratory of the 
Permafrost Institute (Pekarskaya, 1957; Pekarskaya and Tsytovich, 
1957). 



CHAPTER V. LIMITING STRESS-CONDITION 97 

2. Method of testing frosen soils in sheer 

The investigations of the author were conducted with undisturbed 
frozen soils (silty, sandy loam and loam; see Table 1) at temperatures 
of -0.3C and 1.2C. The shear is accomplished by means of a strength¬ 
ened version of shearing apparatus of the type used by N. N. Maslov. 
The investigations consisted of tests for "instantaneous" and long¬ 
term shear. In the first case, shearing occurred after 5 to 25 sec; 
this was obtained by a rapid increase in the shearing stresses. In 
the second case, the shearing .stress was increased in steps of 
0.2 kg/cm2, und each step was maintained until stabilization of the 
shearing deformation. The load, which has to be exceeded for a perma¬ 
nent plastic deformation to occur, was considered the limiting shearing 
strength T^t. After appearance of a permanent deformation, the load 
was increased in equal steps, which were maintained until the plastic 
flow stage occurred. The duration of these tests ranged from two to 
six months. 

Each experiment included the testing of three samples under 
normal pressures o * 1.0 kg/cm2, 3.0 kg/cm2, and 7.0 kg/cm2. For1 
long-term shear, the samples were first consolidated under these 
stresses (in one case, all three samples were consolidated under a 
stress 0-7 kg/cnr). For instantaneous shear, the experiments were 
conducted with an instantaneous application of stress (o) both with 
an initial consolidation and without it. 

3. Limiting stress condition of frozen soils taking into 
account the time factor 

It is well known that the shearing strength of a frozen soil 
depends, above all, upon its temperature and ice-moisture content. 
In addition, the results of the determination of the instantaneous 
shearing strength of frozen soils (Table 23) obviously point out that 
this strength increases as the normal stress becomes larger. It must 
also be emphasized that the data given in Table 23 are related to the 
occurrence of shear without preliminary consolidation. Since the 
stress was rapidly applied, the increase of r was not a result of the 
strengthening of the soil due to a change in its density; it is 
explained by the direct influence of the normal stress appearing in 
the increase of the forces of molecular interaction. The influence 
of direct consolidation for low-temperature frozen soils is insignif¬ 
icant and does not affect the shearing strength (Pekarskaya, 1953). 
For relatively high temperatures (close to 0C), the preliminary consol¬ 
idation of frozen soils begins to influence the shearing strength: 
for example, in experiment 2, the shearing strength after preliminary 
consolidation was t *6.3 kg/cm^ for a * 3.0 kg/cm2, and t « 8.1 kg/cm2 
for o - 7.0 kg/cm2. During the same time interval, for unconsolidated 
samples (Table 23), this strength equalled, respectively, 5.4 kg/cm2 
and 6.8 kg/cm2. In another case (experiment 3), an increase in t also 
occurred for previously consolidated samples, but to a smaller extent 
(5 to 10%). 

The dependence of the shearing strength of frozen soils on the 
normal stress is, strictly speaking, non-linear; unlike solid bodies, 
this dependence changes in accordance with the time of action of the 
shearing stresses. The limiting long-terift shearing strength is 
smaller than the instantaneous strength by a factor of 4.5 to 7 
(Table 24). 
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Table 23. Instantaneous shearing strength 
Tinst (kg/cm2) of frozen soils 

Experiment 
No. Soil 

Values of Tinst 
for o (kg/cm2)• 

1.0 3.0 7.0 

1 Light,silty loam 
w ■ 34% 

8 ■ -1.2C. 

6.5 
6.5 
7.6 
7.7 
6.9 
6.9 
7.5 
7.5 
7.5 
7.5 

7.1 • 
7.0 
8.3 
8.1 
8.1 
7.5 
8.3 
7.6 
7.7 
8.3 

8.6 
6.4 
8.7 
8.3 
8.3 
8.2 

mean 7.2 8.4 

2 Light,silty loam 
w ” 32% 

6 - -0.3C. 

4.7 
4.9 
4.0 
5.4 

4.6 
4.5 
4.5 
6.8 
4.5 

6.2 
6.2 
6.1 
6.4 

mean 4.7 5.0 6.2 

3 Heavy,silty,sandy loam 
w - 35% 

6 ■ -0.3C. 

3.4 
3.4 
3.3 

5.4 
5.4 

6.8 
6.7 
7.3 
6.4 

mean 3.4 5.4 6.8 

4 Heavy,silty,sandy loam 
w ■ 42% 

e - -0.3C. 

6.1 6.8 7.5 
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Table 24. Instantaneous and limiting long-term 
shearing strength of frozen soils 

Experi¬ 
ment no. 

Soil 
Tempera¬ 
ture *C. 

Tinst Tlt» kg/01“2 

for o, kg/cm2 

1.0 3.0 7.0 1.0 3.0 7.0 

2 

3 

Heavy, silty, 
sandy loam 

Light,silty 
loam 

-0.3 

-0.3 

3.4 (?) 

4.7 

5.4 

5.0 

6.8 

6.2 

0.8-0.9 

0.7 

1.0-1.1 

0.9-1.0 

1.3-1.4 

1.3-1.4 

Thus, the shearing strength of a frozen soil is a function of its 
temperature, the normal stress, duration of the action of the shearing 
stress (or the rate of the loading), density, and of the moisture 
content. Consequently, the condition of limiting stress of frozen 
soils can be written in the following general form, 

I Tn| = F(6,on,t,w). 

For 9 and w constant, this condition becomes 

I Tnl - *<°n't> (32) 

and is represented graphically by the family of curves t « 
which the time of action t of the shearing stresses is the parameter 
(Figure 30a). 

Figure 30. Envelopes (a) and 
curves of the long-term shear¬ 
ing strength (h) of frozen 
soils (diagrammatic). 

The upper envelope represents the relationship between normal 
stress and instantaneous strength; the lower represents the limiting 
long-term shear. When computing the action of constant loads for 
frozen soils, we must proceed from their long-term shearing strength, 
i.e. use the long-term envelope. 

The Variation of the shearing strength of frozen soils with time 
is shown by the curve of the long-term strength; each value of o yields 
a curve (Figure 30b). 

Thu envelope for frozen soils (Figure 31a) can be described, as 
was suggested by V. V. Sokolovskiy (1950) and K. V. Ruppineit (1954) 
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for rock excavation, by a combination of the equation of the cycloid 
corresponding to the curvilinear part of the envelope, 

+H « * ('t - sin 4#); Tj - * (1 - cos 4*), 

and the equation of the straight line tangent to the cycloid, 

T2 ■ c ♦ o tan 4. 

But, as with rock, it is necessary to take into account the relax¬ 
ation properties of frozen soils, and of course, the influence of the 
temperature and moisture content. In these equations, 24 is the 
angle of inclination between slip surfaces; it corresponds to the 
slope of the normal to the envelope. It is determined by the relation 
24-^.- 4; H is the limiting tensile strength, and k is the diameter 

of the generating circle of the cycloid which can be computed from 
the relation. 

k - » - c • cot ♦ (kg/cn.2) , 
I - 4 - cot 4 

where c and 4 are the parameters of the straight line. 

All these parameters are time-dependent, changing from instan- 
taneous values to limiting long-term values. The curve represented 
in Figure 31a is plotted according to the data from instantaneous 
tests. The curved envelope reflects more accurately the physical 

Figure 31. Test of frozen loam for shear. 
6 > -0.3C. a. The true envelope, b. The 
diagram of the instantaneous (1) and limit¬ 
ing long-term (2) shearing strength. 

nature of the stability of frozen soils, taking into account their 
different strengths under compression and tension. However, the use 
of such a curve requires determination of additional computed charac¬ 
teristics: this invôlves several complications. At the present state 
of our knowledge, we can proceed from a consideration of the linear 
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part of tha envelope alone, 
soils then takes the form, 

■ C£ + o tan 

The limiting stress condition for frosen 

J33) 

This condition differs from the Coulomb equation (30) in that the para¬ 
meters c* and 4t are time-dependent and change from instantaneous cinst 
and «inst to the limiting long-term value clt and 4lt. In addition, 
they are functions of e and W. 

When plastic flow arises,, the viscous resistance to shear is 
again increased: 

T * c lt + a tan 4lt+ npv & 
where is the rate of the steady flow, and npV is the plastic 

viscosity. The parameters c and 4, following standard nomenclature, 
can be called cohesion and the angle of internal friction. However, 
such a division of the shearing strength is complicated, and strictly 
speaking, c and 4 must only be considered as parameters of the 
relationship (33) between shearing, and normal, stresses. In addition, 
the parameter c characterises the "initial" shearing strength of the 
soil, which depends upon the internal bonds, existing in the absence 
of a normal component of the stress. The parameter 4 characterizes 
the increase of the shearing resistance under the action of normal 
stress as a result of the reversible compression of the particles, 
consequently, it reflects the increase in the molecular 
interaction. The values of these parameters are critically dependen 
upon the temperature of the soil. 

For instantaneous shear, the value of the angle of friction turns 
out to be appreciably large. This indicates the essential influence 
of the normal stress on the shearing strength for rapidly applied 
stresses. We must also take into account that the resistance to 
rapid shear was determined, not at the moment corre?P°?din9 ^ *h® .. 
beginning of the collapse, but after it, when the sliding of the soil 
particles against each other occurred. During this process, the role 
of friction with respect to the condition of limiting equilibrium, 
obviously, becomes more important. For long-term shear, the values 
of both c and 4 sharply decrease: in particular, c is smaller, 
is in complete agreement with the experimental data of the penetratio 
of a spherical indenter. According to the data from experiment 3, 
the instantaneous.values of the above-mentioned parameters were: 
f-j ^ » 4 8 ka/cma and 4:„at- = 1°°; the limiting long-term values 
decreasedto Cit = 0.7 kg?cm and 4it “ 6# (Figure 31b). The value of 
the parameter cit, determined from the 0 - t diagram as the magnitude 
of the intercept on the vertical axis, is in satisfactory agreement 
with the value of clt obtained from the ball-penetration test. From 
all the samples tesled, those with a large moisture content (see 
Table 23) and a few of the samples having ice inclusions had the maxi¬ 
mum strength for instantaneous shear. 

Let us return to Figure 31b. It can be seen that for long-term 
shear, the parameter 4it is significantly less than *inst- ^ 
clav soils, at a temperature close to 0C, the envelope of the shear 
curve is close to a horizontal straight line; this is analogous to the 
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situation for plastic (clay) unfrozen soils. Therefore, for these 
frozen soils, it is sometimes possible to disregard the value of +lt 
in making allowance for strength, and to take the condition of limit¬ 
ing equilibrium in the simplest form (Tsytovich, 1952; Berezantsev, 
1953) Tit * Cit ** constant, where c^t » f(e,w)*. 

For sandy frozen soils, the value of will obviously be 
significant, and it must always be taken into account. Both this 
question and the question of the value of for frozen clay soils 
at low temperatures demand further study. The appropriate investi¬ 
gations are extremely effective and can be conducted by means of tests 
on frozen soils in triaxial compression, taking creep into account. 
Apparatus for such tests has already been constructed. 

* The dependence of c upon e is shown by formula (23). 
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CHAPTER VI. THE LAWS OF DEFORMATION AND RESISTANCE 
OF FROZEN SOILS UNDER LOAD 

1. The nature of frozen soil deformation 

The cohesive strength of frozen soil, i.e. strength of internal 
bonding, depends on several factors, which in turn depend upon the 
interactions between the soil components. Experiments show that the 
cohesion of frozen soil decreases with rising temperature, and falls 
sharply after thawing. However, in the unfrozen state, soils have a 
definite strength which increases with compression. It was also 
established that undisturbed frozen soils have a higher cohesion than 
remolded soils, even if the density and moisture content are the same. 

According to recent ideas on the nature of the strength of 
cohesive unfrozen soils, introduced by N. Ya. Denisov (1951), the 
bonding of unfrozen soils may conditionally be classified as a natural, 
molecular (primary) bond and a structural (secondary) bond. In 
recent works, the author has separated, for specific frozen soils, 
an independent third form of bonding, i.e. ice cementing; this bond 
has a fundamental value for any given soil and is its distinguishing 
characteristic. Thus, the cohesion of frozen soil may be analyzed 
as though it consisted of three parts. 

(1) . The natural molecular bond that depends upon the strength 
of the molecular attraction between solid particles of soil separated 
by a film of connecting water. This part of the bond depends on the 
surface area of the particles, and the distance between thep, i.e. on 
the density of the soil. When the particles move closer together the 
molecular attraction increases; this also explains the strengthening 
of the soil when it is compressed. After thawing, the molecular 
attraction does not disappear, but increases with the density of the 
thawed soil. 

(2) . The structural bond that reflects the actions of a variety 
of physical, physico-chemical, mechanical and other processes occurring 
in a soil layer in the course of its geological formation; and giving 
rise to an increase in the cohesion in comparison with the original 
state. In frozen deposits, this bond reflects the same changes in its 
structure as occurred upon freezing. The structural bond is removed 
upon distortion of the natural structure of the soil, which also 
explains the differences, up to 2 to 3 times (section 5, Chapter II), 
in the strength between undisturbed and remolded samples. In exper¬ 
iments performed in 1955 in the MGLL by L. D. Pikulyevich under the 
guidance of the author, the difference Ac in the value of the cohesion 
of samples with undistorted and distorted structures, characterized 
by structural bonding, showed a comparatively small dependence on the 
temperature of the soil (compare Table 25). The relative role of the 
structural bond Ac with a decreasing temperature significantly decreas¬ 
es, since it is superimposed on the influence of the cementing ice bond. 
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Table 25. The cohesion of frozen clayey soil, undisturbed and remolded 

Tempera- 
ture *0 

cinst' k9/cm2 
clt, kg/cm2 

Undisturbed Remolded AC Undisturbed Remolded AC 

-2 
-5 

-10 

4.2 
13.6 
16.3 

2.1 
12.1 
14.9 

2.1 
1.5 
1.4 

2.4 
4.6 

1.5 
3.5 

0.9 
1.1 

(3Ö. The bond of the cementing ice that depends on the cementing 
action between the ice crystals and the mineral particles. The bond 
being discussed is accomplished, not by direct contact of the ice and 
the mineral particles, but through a liquid layer, which envelops the 
solid particles and the ice crystal. This bond depends on the volume 
of the ice, the interface area of ice and the mineral particle, and 
the temperature of the frozen soil; upon thawing, the bond disappears 
completely. The cementing ice bond is the least stable and under 
natural conditions changes continuously with changes of temperature 
of the frozen mass. 

Of course, this classification of bonding (in itself an assump¬ 
tion) is arbitrary, insofar as all the forms of bonding considered are 
determined by the strength of molecular attractions. The fact that 
this bonding may assume various aspects is emphasized by such classi¬ 
fication; it simultaneously permits graphic presentation of the role 
of the various factors which affect the strength of frozen soil and 
formation of hypotheses about the physical nature of the deformation 
processes of the designated soil. These hypotheses, which were intro¬ 
duced by the author (Vialov, 1954, 1955), are considered below. 

It is well known (Tsytovitch, 1937, 1952) that a load applied to 
a frozen soil leads to a stress concentration at the contact between 
the mineral particles and the ice crystals; even with a comparatively 
small applied pressure, the stress at a contact can reach 100 kg/cm2. 
An increase in the stress leads to a plastic deformation of the ice 
which is forced from a high stress region to a region of lower stress; 
it also gives rise to a plastic flow of the ice (with no phase transi¬ 
tion) which depends on the difference in pressure at the contacts and 
around them. At the same time, the increase in the stress at the 
contact leads to a disturbance of the equilibrium state between the 
film of water and the ice in contact with it. This finally leads to 
a melting of the ice. If the phenomena described take place in a 
closed volume or at hydrostatic pressure, then water would be formed 
only at the squeezed-out contact region and would refreeze; thus, the 
entire process would amount to a redistribution of the ice and an 
insignificant increase in the amount of unfrozen water. However, in 
the presence of a local stressed region, a difference in stress 
between this region and the outer zone is formed. Under the influence 
of the pressure gradient, moisture, which is being added because of 
the phase transition of the ice into a water filn^ is moved from a 
region of high pressure into a region of lower stress. The water 
squeezed into this region refreezes and reaches an equilibrium state 
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at a given temperature and preesure (but partially squeezed out onto 
a free surface). All this agrees well with the principles of the 
dynamic equilibrium states of solid and liquid phases of water in 
frozen soil, as formulated by N. A. Tsytovitch (1945, 1954). T)»e 
higher the temperature of the soil, the greater the role of this 
mechanism of deformation. Besides the process already described, a 
process of squeezing-out of the air contained in the frozen soil also 
takes place.

The infonsation concerning the melting of the ice, contained in 
the frozen soil (but not at a very low temperature) under the action 
of pressure and the squeezing-out which forms water and free ice, was 
established by the author by experiment and is illustrated in 
Figures 32 and 33. In Figure 32, a sample of frozen clayey soil Is 
shown after compression and shearing at a temperature of -1.2C. The 
crystals of ice (the moisture, squeezed out from the surface and refiro- 
zen at the opening of the punch) can be easily seen in the photograph. 
Sections of a block of a dense layer of clay after penetration by a 
punch (at e - -0.40 are shown in Figure 33. On these sections 
(Figure 33a) the frozen inclusions are distinctly visible. They 
appear as a consequence of squeezing out the ice water to the limit 
of the stressed region that marks the fracture surface of the soil.

Figure 32. The melting of ice and the 
displacement of water in frozen soil.

Plastic flow of the ice (with no phase transition) is illustrated 
in Figure 33b .left), where a section of block of soil is shown with 
a frozen layer. After testing, this layer showed a compressed ring 
of soil which was formed under the punch. Ice was squeezed out, 
partially in the soil under the punch, and partially in the space which 
was formed under the punch. Besides the plastic flow of the ice, 
melting also took place and the resulting water was squeezed out; some 
of the meltwater was squeezed out onto the surface where it froze.
It is interesting to point out that the appearance of water on the 
free surface is clearly observed if the load is rapidly applied and 
if the load is sufficiently great. Thus, with a state of complex 
stress in the frozen soil a redistribution of the ice takes place which 
depends directly on the plastic flow of the ice as well as on melting, 
since the latter obviously appears only when the soil temperature is 
not very low. Redistribution of the ice in-frozen soils under the 
action of an external load is also verified by determination of the
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Figure 33. The melting of ice and the 
dieplaceraent of water under pressure 

(6 - -0.4C).

a. Section of a block of varved clay 
after penetration with a punch, showing 
ice inclusions which formed on the 
boundaries of the stressed zone (exper­

iment 5; p - 13 kg/cm^; t - 2068 hr).
b. Penetration of a punch in clay with
ice inclusions. At the left: section

showing penetration of the ice layer; 
at the right, view from above showing 
the ice projecting from the surface 
(experiment 33; p - 0 - 10 kg/cm^;

t - 1200 hr).

annunt of moisture in a block of soil after prolonged compression by a 
punch (Table 26). A scheme for sampling the water content is shown in 
Figure 34. In all cases, the least moisture was found in the region 
of highest pressure, i.e. under the punch. Ho%#ever, the highest water 
content corresponds to the limit of separation of the stressed zone and 
the region of soil close to the edge of the punch hole.

I



CHAPTER VI. LAWS OF DEFORMATION AND RESISTANCE 107 

Table 26. Redistribution of the moisture in frozen soil 
after penetration by a punch (9 = -0.4C) 

E
x
p
e
r
i
m
e
n
t
 

n
o
.
 

Soil 

Moisture content (%) 
at probe points 

(Figure 34) Average moisture con¬ 
tent (%) of 

entire block 

1 2 
1 

3 4 5 

15 
22 
19 
7 

16 

Varved clay 
The sme 
The same 

Sandy loam,heavy 
Sandy loam,light 

30 
35 
34 
38 
22 

35 
43 
42 

23 

47 
41 
39 
44 
26 

40 
48 
51 
43 
31 

39 
45 
25 

37 
40 
40 
42 
25 

The process of ice flow, its 
melting, and the squeezing-out of the 
water is accompanied by a structural 
distortion of the frozen soil, i.e. by 
a lowering of the sturctural and cement¬ 
ing bonds. Simultaneously, a mixing 
and regrouping of the solid particles 
takes place; as a result, an irreversible 
structural deformation, proceeding in 
time, arises, i.e. the phenomenon of 
creep. We point out that this defor¬ 
mation arises only at that pressure 
where the tangential stress exceeds the 
strength of the internal interactions 
which determine the equilibrium state. 
Until the previously discussed limits are exceeded, the deformation 
will depend on the elastic binding of the particles and the squeezing- 
out of the air contained in the frozen soil. 

Structural deformation leads to a denser packing of the mineral 
particles, which move into those places that result from displacement 
of ice, water, and air. As a result, there is a volume change of the 
soil, i.e. there is a consolidation. Insofar as the binding of the 
particles by the strength of the molecular interaction is increased, 
the molecular bond of the soil grows. Thus, in frozen soil under the 
action of a load, a disturbance of the bond and a weakening of the 
cohesion takes place, as well as a growth of bonding and strengthening. 
If the cohesion does not exceed the limits of the long-term strength, 
then the strengthening compensates for the weakening, and the deforma¬ 
tion dies out. This process may be considered as an after-effect, 
accompanied by a change in volume, i.e. a consolidation. However, 
if the weakening is not compensated by a strengthening, then a visco¬ 
plastic flow developes. When the frozen soil is under tension, the 
picture will be different, since in such a case the process of defor¬ 
mation depends on two mutually contradictory phenomena, i.e. disturbance 
of the bond with the formation of a region of plastic collapse of the 
ice and recovery of this bond, as a result of recrystallization of the 
ice. 

Figure 34. Scheme for 
probing for the mois¬ 
ture content : probe 
points: (1) - (5). 
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The phenomena of weakening of the structural bond and the cementing 
ice bond and the plastic deformation of such ice lead to a weakening 
of resistance of the frozen soil for a load acting over a long period 
of time. It has been shown that the long-term strength of frozen soil 
is 5 to 15 times smaller than that of the instantaneous strength. 

In comformity with all that has been discussed above, the defor¬ 
mations of frozen soils are analogous to those of unfrozen soils 
(Denisov, 1951), but considering the special frozen state of the soil, 
they may be separated into the following forms. 

!• Elastic deformation that is associated with the elastic changes 
in the crystalline lattice of the ice and minerals, and wish the elastic 
compression of the water and the entrapped air contained in the frozen 
soil. These deformations, which may be analyzed as instantaneous- 
elastic, designated y (compare Figure 35), arise immediately upon 
application of the load and fade away with removal of the load. The 
fundamental role here is played by the elastic deformation of the ice, 
which appears at a load significantly smaller than that which can give 
rise to an elastic compression of the mineral particles. The specific 
value of the instantaneous elastic deformation of the frozen soil is 
comparatively small, but may be increased by a repeated loading-unload¬ 
ing cycle. 

Figure 35. Kinetics of the deformations of frozen 
soils (schematic) a. t < tlt b. t > Tlfc. 

Structurally reversible (absorptive) deformations that arise 
as a result of changes in the thickness of the water film at the inter- 
faces of the solid particles under the action of external pressure; 
they also arise as a consequence of the reversible phase transitions 
in the ice. This deformation develops with time and is also recovered 
with time after unloading; consequently, it may be considered as 
visco-elastic. Its specific role is considerably greater than the 
elasto-instantaneous. 

3- The deformation accompanying consolidation (structural), 
that is associated with the squeezing-out of air. it is an irrever- 
sible phase transition of the ice and the displacement of the water 
which was formed; as a result, an adjustment of the mineral aggregate 
occurs, i.e. a change in the structure which is accompanied by a 
decrease in porosity (volume) of the soil. This deformation proceeds 
in time with complete irreversibility. 

Structural-reversible deformations and deformations of consoli¬ 
dation have an attenuating character and reflect the unsettled phase 
of the deformation (Figure 35). However, the first of these may 
be considered as the elastic part of the deformation reaction (a 
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delayed elastic deformation) Yes, and the second as a constant part 
Y_-a thus Yda ■ fes + Yres* ™e P^ese00® of this constant part, which 
depends on a volume change as a result of consolidation, also distin¬ 
guishes the process of attenuation of the deformation of frozen soil 
from the process of delayed elasticity of an ideal visco-elastic body. 

4. Plastic deformation that depends on the irreversible displace¬ 
ment of solid particles and flow of ice. This deformation develops 
with time and may be analyzed as visco-plastic flow-Tf^ (see Figure 
35). The growth of a plastic deformation leads to an irreversibly 
distorted structure which corresponds to a transition to a stage of 
progressive flow, resulting in complete failure of the soil (subsi¬ 
dence) . 

Each of these deformations does not proceed, of course, separately; 
they all accompany one another and appear to some degree in each 
stage of the process of deformation. Depending on the value of the 
loading, one or another form of deformation is dominant. However, the 
specific value of any kind of deformation depends on the state of 
the soil, and most of all on its temperature: the higher the temper¬ 
ature, the more the plastic properties of the soil are developed. 

We emphasize once more that a classification of the deformation 
on attenuation or non-attenuation is arbitrary, since the relation of 
it to one or another type depends to a great extent on the duration, 
degree, and precision of observation. Theoretically, from the 
character of the deformation of solid bodies (section 2, Chapter I), 
it can be assumed that even with small loads on frozen soil, very long 
(secular) deformations may develop. However, these deformations are 
so insignificant and so slow that they virtually do not need to be 
considered. 

2. Distinguishing the rheological processes of frozen soils from 
the deformation processes of an idealized solid 

Frojfen soil may be considered as an elasto-plasto-viscous solid; 
its elastic properties appear as reversible, linear deformations, the 
plastic as irreversible displacements, and viscous in development of 
the deformation with time. However, frozen soil, differing essentially 
from an idealized elasto-plasto-viscous solid, depends on the complex 
and unusual bonding of the frozen soil, which is a non-homogeneous and 
anisotropic system, the properties of which continuously change in 
accordance with changes of the water temperature regime. In addition 
to what has been said, the special character of frozen soil is its 
ability to change its physical properties under the action of an 
external load; such action is accompanied by changes which correspond 
to the liquid and solid phases of water, a rise in the viscosity of 
the latter, readjustments of solid particles, changes in density, etc. 

Similarly, the rheological characteristics of the soil are changed, 
as well as the parameters of deformation, viscosity and the period of 
relaxation. We point out that the above is correct for bonding in 
unfrozen soil as well, the difference being that in unfrozen soil the 
phase transformation of water is absent, and the influence of temper¬ 
ature is very small. 
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For an analytical description of the rheological processes in 
frozen soils, in particular the processes of relaxation and decreasing 
stability (Goldshtein, 1941, 1948; Saltykov, 1944; Berezantsev, 1949, 
1953; Tsytovich, 1952), the Maxwell-Shwedoff equation (8) has been 
used. However, some investigators have already pointed out deviations 
between the theoretical and analytical data (Berezantsev, 1953) ; the 
introduction into the results of a proportional coefficient was pro¬ 
posed (Tsytovich, 1954). Our investigation (Vialov, 1954, 1957) 
showed that, for frozen soil, the [Maxwell] equation is generally 
unsuitable. Equally unsuitable also is the initial equation (7) for 
a linear deformation of an ideal elasto-plastic solid; this equation 
does not properly reflect the true rheological processes which proceed 
in such a complex body as frozen deposits. The non-correspondence 
between the analytical and experimental data is graphically demonstrated 
in Figure 36a, which shows the relaxation curve for the cohesive 
strength. This curve was experimentally obtained by ball-penetrations 
and by calculation from the Maxwell-Shwedoff formula (8),* according 
to the values of n and Cj^gt which are known from experiment. 

0 S W tf 20 23 30 
hr 

Figure 36. Experimental (1) and calculated according to the 
Maxwell-Shwedoff formula (2) curves of relaxation of the 
cohesion in normal (a) and semilogarithmic (b) coordinates; 
sandy loam, 0 « -1.2C (experiment 36). 

As is seen, the curves diverge sharply. If in correspondence 
with expression (13), a determination of the value of cit from the 
known experimental values of ci and C2 (determined for two arbitrary 
moments of time connected by the condition t2 * 2ti) is attempted, 
then, depending on the fact that such values of ci and c5 would be 
substituted in formula (13), we obtain some different value of c^. 
This was shown by the author earlier (Vialov, 1954). 

* Substituting c in place of t in formula (8). 
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Thus, formulas (8) and (13) are to be considered entirely 
unsuitable for determining the long-term strength of frozen soils 
(evon considering the introduced arbitrary proportional coefficient). 

In principle, the non-correspondence of the basic laws of linear 
deformation (7) to real processes which proceed in frozen soils may 
be demonstrated as follows: equation (7) and the laws of relaxation 
(3) following from it were obtained on the assumption that the basic 
parameter, i.e. the relaxation time, is constant. If this assumption 
is correct for frozen soil, then the experimental points, plotted on 
a semilogarithmic plot in accordance with the expression In ,c “ clt 

(: 
cinst - ^Lt 

1/n t, which we obtained from equation (8), would lie on a straight 
line. Actually such points lie on an obvious curve (Figure 36b) that 
testifies to the variability of the model value of n. This variability 
is confirmed by direct calculation of the value of n from experimental 
data. From Figure 37, where the calculation results are given, it is 
seen that the parameter n increases almost linearly with increasing 
time, and decreases by a more complex law with the decrease of stress 
under the ball indenter which changes with time according to the pene¬ 
tration of the ball: a = Thus, for frozen soils, the relaxation 

irdst 
time is a function of stress. It is interesting that the value of n 
is changed so much in the initial stages of the process with large o. 
there a sharp bend of the curve n = f(o), after which changes in 
n are very small. 
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Figure 37. The change of the 
relaxation time n and its 
dependence on the time t and 
the stress a. 

An analogous non-correspondence also takes place for the results 
of experiments on long-term adfreeze strength (Figure 38). Neither 
formula (12) of Maxwell-Shwedoff, nor formula (15) of Bykovskiy 
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Figure 38. Curve of the long-term adfreeze 
strength on semilogarithmic (a) and logar¬ 
ithmic (b) coordinates: (1) according to 
formula (12) ; (2) according to formula (15); 
(3) according to formula (14); (4) according 
to formula (16). 

(a) Heavy sandy loam, and silty (experiment 21); 
(b) Silty gravel (experiment 23). 

coincides with experimental data. This is illustrated by the absence 
of any rectilinearity of the experimental curves when they are plotted 
on a logarithmic scale corresponding to the expression In y = 1/n • t. 

Tinst Tlt 

T - Tlt 

T for formula (12) , and y = 
Tinst 

for formula (15). However, straight-line experimental curves were 
obtained when they were plotted with the coordinates In (Iny) - In t 
(Figure 38). This verifies the inapplicability, for frozen soil, of 
laws (14) and (16) for more complicated (according to Bronskiy) powers 
of e. 

Upon analysis of the curves (Figure 38), the sharp bend of a 
curve attracts attention; according to I. A. Odinga (1949, 1954), this 
may be considered as consisting of two parts, which reflect two 
stages of weakening and which coincide well with the law for change 
of the curve n = f(o), shown in Figure 37. The first, steeply falling, 
curved portion corresponds to the stage of intensive weakening, for 
which the parameter n seems to be the variable quantity. The second, 
linear, part of the semi-log curve corresponds to the stage of smooth 
change of stability; in this stage of the period of lowering stability, 
n is an almost constant parameter if it is considered as the recip- 
ricol of the tangent of the angle of slope for the curve In y - t. 
It is interesting to note that this value of n was equal to 2700 hr. 
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while for the other process it was three minutes, thus verifying the 
extremely slow rate of the weakening process in the second stage. 
The comparative constancy of the parameter n * ~ second stage 

indicates that, in this stage, the process of deformation proceeds in 
the form of a visco-plastic flow which is established with small 
changes of viscosity. 

What has been said coincides well with the experiments which were 
analyzed in section 5, Chapter III. 

All the data considered strongly imply that the model of an ideal 
elasto-plasto-viscous solid and the laws of linear deformation flowing 
from it, give only a quantitative indication; they do not reflect the 
actual rheological processes which occur in frozen soil. We pointed 
out that when a process of consolidation develops in a stage of the 
flow, then the physical properties of the frozen soil change; in 
particular, the viscosity does not have the described character and 
these soils can be considered, by applying the theory of a constant 
continuum to them, as visco-plastic media. Further, it can be shown 
that in the stages of the frozen soils which have been discussed, the 
flow equations of Bingham-Shwedoff are applicable in many cases. 

3. The relationship among load, deformation, and the rate of 
flow 

The relationship between stress and deformation, as is known, 
is a fundamental law characterizing the stress-deformation conditions 
cf the solid body. We consider this relationship for frozen soils by 
taking into account the influence of the time factor (Vialov, 1956). 
From the experimental data, the recoverable portion of the deformation 
is directly proportional to the stress, but the residual deformation 
connected with the stress has a nonlinear dependence. So far as the 
deformation of the frozen soil (the residual, as well as the recover¬ 
able) is developed with time, the character of the curves reflecting 
the relationship between stress and deformations will change corres¬ 
ponding with variation in the time of action of the load or the rate 
of loading (Figure 39a). Thus, the relationship between stress and 
the total deformation of the frozen soil can be expressed by the 
equation, 1 

(34) 

o' < 1 is a coefficient of consolidation, G is the modulus of 
recoverable deformation, and A' is the modulus o? plastic deformation. 
The influence of the time factor is reflected in the variability of 
these parameters, which change from large initial values of A'¿ and 

for t -► 0 to small, final (limiting long-term) values A'it and 
G^t at t 

As seen from Figure 39a, the curve of the sum of the deformations 
deviates slightly from the cur\e of the residual deformations; the 
latter, with sufficient precision, may be described by a power law, 

Y ■ mr‘ °r ' ~ (35) 



114 RHEOLOGICAL PROPERTIES AND BEARING CAPACITY OF FROZEN SOILS 

Figure 39. Relationship between 
thé deformation and stress taking 
into account the time factor. 

a. Classification of the sum of 
the deformations (3) into the recov¬ 
erable (1) and the residual (2) for 
various 4 t; the penetration of a 
punch; sandy loam, 0 * -0.4C (exper¬ 
iment 21). b. The dependence 
between the summed deformations, and 
the loading in normal and logarithmic 
coordinates for different intervals 
of time of action of the load. 
(1) 1 min; (2) 1 hr; (3) 24 hr; 
(4) 120 hr; (5) 240 hr. Displacement 
along a rod, clayey soil; 0 » -0.4C 
(experiment 28). 

where the parameters A and a < 1 differ somewhat from the purely 
plastic parameters A' and a' in equation (34). Thus, the relationship 
between stress and summed deformations is graphically reflected in the 
set of curves y - 7(0» the parameter of which is the t during which 
the load acts for the rate of loading v (Figure 39b). For a rapid 
increase in loading, the curves have a steep slope and are almost 
straight, i.e. -*• 1 and A¿ ♦ Gi. An infinitely long-term, stepped 
loadino or an infinitely slow loading corresponds to the limiting curve, 

Such a curve can be obtained by maintaining each step of loading 
until complete stabilisation of the deformation. The validity of 
equation (35) is confirmed by placing the experimental points on a 
logarithmic graph (Figure 39b). By considering these points, it is 
seen that they lie on a straight line. 
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In many cases, particularly for frozen soils at low temperatures, 
the parameter a is close to unity. Then equation (35) has the form, 

Gr <t)Y, 

which differs from Hooke’s law in the variation with time of the 
G, 

(37) 

where 

GA 

parameter uj., 

Gç = (T+T* 
The parameters G, A and a in equations (34) - (37) are functions 

of temperature and tKe moisture-ice content of the frozen soil; they 
also depend on the type of soil. 

As seen in Figure 39b, the curve y = f(T) has a point of inflec¬ 
tion, which is especially distinct on a logarithmic graph. This means 
that relationship (35) is correct only up to that point where the 
load reaches a certain limiting value, i.e. the yield stress fl, 
after which plastic flow occurs. 

Up to the latter time, the yield stress of frozen soils is 
considered constant. Actually, from Figure 39b, it follows that each 
curve has its own point of bending. This means that the yield point 
is a varying value, which depends on the speed of loading, or tne 
time of maintaining a step of loading. 

It is necessary to show that the point of inflection of the curve 
y - /(t) lies approximately on a vertical, i.e. all values of t 
correspond to one constant value of the deformation Y « Yfl. 

It follows that the emergence of plastic flow depends on reaching 
a deformation of some critical value which can be considered as depend¬ 
ing only slightly on the rate of loading. This is confirmed also by 
the following theoretical considerations. We apply the law of defor¬ 
mation of frozen soil at t < tfi in the form, 

♦ti + fY * t + n(T)|l; 
dt at 

(38) 

this differs from equation (7) in its nonlinear relationship between 
t and Y, and the variability of. the parameter n. 

However, the laws of deformation at t > can be written in 

the form. 

.dY 
♦at , . r(t)|| - .fi. (39) 

Because of the smooth transition from one stage to another we 

have, at t • ff]., 

Yi - Y2 
dYx dY2 

and “at “ “at' 

from which we obtain the condition for transition into the stage of 
visco-plastic flow (Rzhanitsyn, 1949) , 

Tfi 
fY tfi or Y -f- “ ^fl- 
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However, these stages are not continuous, but the growth of the 
plastic deformation does change to a stage of failure, i.e. progressive 
flow. 

Consequently, for frozen soils there are two limiting conditions 
which are determined by two criteria of stability. 

The first limiting condition is characterized by the potential 
possibility of failure (consequent) and corresponds to the emergence 
of plastic flow. It is determined by the deformation reaching a 
certain critical value Y * Yfi* 

The second limiting condition is the transition to the stage of 
failure. It is determined by the development of plastic flow up to 
the limiting value Y = 

For this condition, the concept of limiting stress is not sensible, 
since any loading which exceeds leads to failure. The first 
limiting condition corresponds to reaching a stress value which, 
however, cannot be considered as a criterion of strength, since it is 
a variable quantity. For rapid loading, the value of the limiting 
flow approaches the instantaneous strength lim t«. = t. ., but when 

t ■* 0 fl inst' 
the load is maintained for a long time, the value of Tfi coincides 
with the limit of long-term strength. In other words, the limit of 
the long-term strength is detemined by the limiting value of Tfi for 
infinitely slow loading: lim tfi = Tit. 

t -*• - 

This limit also can be considered as the basic characteristic 
of stability. Up to this limit the deformation is virtually stable, 
and the relation between deformation and stress is well defined, 
in the general case, at the rate (36), and the particular case as a 
linear (Hooke) law. When is exceeded, a continuous deformation 
arises and the well-defined connection between t and Y is broken. 
The law of deformation in this stage is determined by the relationship 
between the excess stress and the rate of deformation. For visco¬ 
plastic flow established, this relationship for frozen soil is repre¬ 
sented in the general case, as shown by experiment, by the expression, 

= — <T - Ut>6, (40) 
n' 

where and t> > 1 are coefficients which depend on 6, w and the type 
of soil. However, in many cases we can assume the law of Bingham- 
Shwedoff, according to which the rate of steady flow is directly 
proportional to the excess stress, 

ft = t (T " Tlt)' (41) 

where n = HpV = /(0,w) is the coefficient of plastic viscosity. 

The relationship discussed is correct only in a definite interval 
of the value of t, at not very great rates of flow. A complete 
rheological curve obviously has points of inflection which correspond 
to very great and very small stresses, analogous to the concept of 
N. V. Mikhailov and P. A. Rebinder (Figure 4). At t < Tlt, the straight 
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line - i could change into a smooth curve, asymptotically approaching 
dt 

the axis t. In other words, in frozen soil a flow type of slow creep 
with a constant, very large, relaxing viscosity in tangential stress, 
less than is possible. In this case may be considered as 
the limit, which when exceeded changes a slow, secular flow into a 
visco-plastic flow with perceptible speed. Probably a second limit 
also exists(in excess of which deformation proceeds at a very high 
rate) which is accompanied by the failure of the structural bond. 

4. The laws of the process of deformation in frozen soils 

It has been shown above that the equations of linear deformation 
(7) are not applicable to frozen soils, since in these soils the para¬ 
meter n is a variable quantity, and the connection between Y and t is 
nonlinear. To use the special equations discussed above, the defor¬ 
mations can be described in the forms (38) and (39). These laws are 
explained with the help of models (Figure 3) with the difference, 
however, that the modulus of elasticity of the spring and the viscosity 
in cylinder (3) are variable (in the manner in which the sinking of 
a piston into a cylinder compresses a liquid). However, the most 
useful is the representation of the law of deformation of frozen soil 
in integral form in accordance with the theory of the so-called "hered¬ 
itary creep" of Volterra-Boltzmann (Volterra, 1931).* From this comes 
the law of change with time of the rate of deformation (Figure 40}. 
At t < Tit the curve of the speed asymptotically approaches the 
abscissa: -*• 0, but at t > T^t the curve changes to a horizontal 

direction, w^ich corresponds to the stage of established visco-plastic 
flow. If the loading far exceeds the limit, then the region of constant 
rate of deformation is poorly defined: the rate, reaching a minimum 
value, increases again. This, the usual way in which frozen soil 
acts, is not present in structural foundations of interest. 

SO/hr W*) a. b C 

Z0 

V 
(0 

0 m 200 ht 0 /000 2000 2000 WOO 2000 2000 WOO ¡000 
hr 

1 

0 100 200300 WO 
hr 

Figure 40. Change of the deformation rate with time 

a - t < Tlt; b - t > ilt; c - t > 
along the lateral surface of a ro 
ground; 0 « -0.4C (experiment 24) 

t > t. Displacement 
a rod frozen into the 

* See also Bronskiy, 1941; Ishlinskiy, 1945; Kachanov, 1948; Rabotnov, 
1948; Rzhanitsin, 1949; et al. 
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We will consider the process of attenuating deformation; initially, 
we will proceed from the linear relationship between y and t. The 
following initial premises are applied. (1) The instantaneous defor¬ 
mation complies with Hooke's law. (2) The elastic (which develops 
with time) deformation at t = constant at all moments of time is 

directly proportional to the stress Yes = where Gea = fit). 

(3) The law of superposition for the deformations, i.e. the value of 
the deformation at some variable loading, can be determined by summing 
the Y, which arises from the action of an elementary increment of t. 
It is assumed at the same time that the stress-deformation condition 
of the body depends not only on the stress, which is assumed at a 
given moment, but also on the effect of previous loading. Let the 
time V be related to the deformation Y(v), and the duration of the flow 
interval be Av. At the subsequent loading at the moment t, the stress 
is decreased in comparison with Hooke's by that amount which depends 
on the first deformation, the influence of which decreases with time 
according to the law R(t). 

In summation, proceeding from the law of superposition, we obtain 

(42) V) Y{v) dv 
0 

Solving this equation for Y and designating the resulting series R(z) 
by K(z), we have 

t 
Æ K (t - v) t (V) dV• (43) 

where the first term represents the elastic-instantaneous deformation; 
the second represents the visco-elastic deformation, which develops 
with time. In these formulas K (t - v) is the aftereffect coefficient 
which is a function that reflects the influence of loading at the 
moment cf time v on the deformation at the moment of time t. The 
function R (t - v), i.e. the relaxation coefficient, reflects the 
influence of changes of the deformation on the stress. For the case 
Y “ Yq = const or t « tq * const, equations (42) and (43) take the form, 

t 
t = Y0Gi - y0 ¡ R(t) dt; (44) 

(45) 

These equations represent the law of relaxation of stress with 
time at constant deformation and the law of the development with time 
of the deformation at constant stress. In other words, from (45) the 
value of the deformation at any time t, arising under the action of 
a constant stress t, is determined. However, for the determination 
of Y, it is necessary to know the form of the function K(t), which 
appears as the kernel of (45), and to integrate the latter. Analogously, 
for the determination of Y , it is necessary to know the form of the 
function R(t). 

The nature of the above functions will now be considered 
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Differentiating (44) and (45) we obtain 

K(t) = ^ aï- and R(t) 
0 

1 dt 

Consequently, K(t) characterizes the rate of change with time of 
the deformation under the action of a constant unit load t * 1, and 
R(t) characterizes the rate of change of stress necessary for main¬ 
taining unit deformation Y » 1. From this comes a simple way of 
determining K(t). This function leads to the curve of the changes 
with time of the rate of deformation “I * f(t), if all the ordinates 

dt 
of this curve decrease by t times. Analogously R(t) is determined 
from the curve of the rate of relaxation. Between K(t) and R(t) 
there is an analytical connection; therefore, it is sufficient to 
determine one of these functions. For the processes of attenuating 
deformation (Figure 40a), the following properties are characteristic 
of the functions discussed: at t » o, the functions K(0) - R(0) « », 
and at t = », the function K(») « R(») = 0. From the.conditions con¬ 
sidered above, it follows that the integrals in (44) and (45) with. 

0» 

limits from 0 to » have a finite value, namely: j K(t) dt ■ - 
T) Gf Gi 

Equations (42) and (43) are extremely general and include a 
variety of forms of deformation. Thus, for correspondingly simple 
values of K(t) and R(t) these equations go over into the equations of 
Newton, Kelvin, Maxwell, Hohenemser-Ishlinskiy (7), Bronskiy, and 
others. 

From the idea of Volterra-Boltzmann comes the theoretical non¬ 
linear, successive creep, worked out by Yu. N. Rabotnov (1948) for 
solids in which the relationship between stress and deformation is 
nonlinear: Y = ♦(x). At the same time, it is considered that the 
curve Y - t for various fixed moments of time applies, i.e. the 
deformation at any moment of time is proportional to some function of 
the stress. In other words, the curve of Y - t can be obtained from 
the curve of the deformation for x = i by multiplying its ordinate 
by some function of the stress 4(x). With such an assumption, the 
equation of deformation takes the form. 

This equation also can be applied in the ganeral case to frozen soils. 

At the same time, for frozen soils, a nonlinear (power) rela¬ 
tionship between the deformation and the stress is correct for all 
moments of time other than the initial; the instantaneous deformation 
obeys Hooke's law (Figure 39b). Concurrently, with reasonable approx¬ 
imation, it can be assumed that for various moments of time, besides 
the initial moment, the curves of y - x, which are described by the 
expression (35), are similar in themselves (a ■ const); this is 
verified by the parallelism of the curves when they are plotted on a 
logarithmic scale (Figure 39b). Then for frozen soils the applicable 
equation for the deformation (47) (Rozovskiy, 1951) differs somewhat 
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Y-j^.+ JQ (t-v) ¢[1(¾)] dv, 
°i « i 

where in accordance with (35), ¢(1) - t°. 

At a constant value of the stress t 
takes the form. 

Q(t) dt. 

const, equation (47) 

(48) 

In expressions (47) and (48) Q(t) * -^ y 3E “ T0 a 3E* 

For frozen soil, in those cases where it appears that the linear 
relationship (a » 1) is correct, equations (47) and (48) transform 
into (43) and (45). 

For the correct description of the process of deformation it is 
necessary to find the correct expression for the function Q(t) 
tor K(t)]; at the same time, it is necessary to find the relationship 
between relaxation time and stress t which is introduced finally into 
the function being discussed. Such a value of Q(t) can be obtained 
from experiments, according to data on the rate of deformation, the 
laws of change of which reflect the physical processes which go on in 
frozen soils, including the changes of viscosity and time of relaxa¬ 
tion. The curve S! = fit) for frozen soil is close to a hyperbola. 

Qt 
The simplest expression .which represents the curve is, according to 
Boltzmann, the function Q(t) * ä. Upon substitution of this function 
into equation (48) , we see thatrhe development of the attenuated 
deformation proceeds according to the logarithmic law Y = Y¿ •* 

ai» ln t; this corresponds to the law of "secular consolidation" of 
Buisman (1936) according to which the deformation increases without 
limit, but with ever-decreasing speed (at t Y but 

-j-• £+0). However, the expression does not satisfy the inicial con¬ 

ditions, since at t = 0 we obtain Y - -. Therefore for the initial 
moment of time (lower limit of integration) in formula (48), it is 
necessary to take t - 1. A stricter adherence to the initial con¬ 
dition is obtained if the function Q takes the form Q(t) = . 

Upon substitution of this expression into formula (48) , the law of 
attentuation of the deformation is in the form. 

Y - Yf + £ T* In (bt + 1), 

For greater detail it would follow, in accordance with Figure 39a, 
that creep deformation should be separated into: (1) initial (elas¬ 
tic), (2) elastic (recoverable), linearly dependent on the stress, 
and (3) residual, which is connected with the stress nonlinearly: 

Yi + Yes + Yres* 

4 

ip 
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1 
which corresponds (at 14 * 0 and g t“ - A) to the equation of "secular 

consolidation" of G. I. Pokrovskiy and A. A. Nekrasov U934)- The 
reduced equation was assumed by these authors to describe the process 
of settlement on unfrozen cohesive soil; as shown by A. M. Skibitskiy 
(Vialov and Skibitskiv, 1957), such a law is correct for deformations 
of certain unfrozen soils, for example, very dense clays. However, 
for frozen soils, as follows from our experiments, the function Qlt) 

follows the more general form, 

Q(t) 
(49) 

This function, which was assumed at one time by A. D. Rzhanitsin 
(1949) for crystalline solids, is a combination of a nyperbolic func¬ 
tion, giving the law of "secular consolidation" deformation, and an 
exponential function, giving the asymptotic attenuation according to 

Maxwell. 

The function (49) satisfies the limiting conditions considered 
earlier; at t = 0, the function Q(0) = («), and at t = (-) the function 
0(-) = 0. This reflects the asymptotic approach of the rate-time curve 
to both coordinate axes (Figure 40a). At b = c = 0, (49) changes into 
the Boltzman function. The parameters a, b, c (0 < c < 1) of expres¬ 
sion (49) can be determined from the change of the rate of deformation 
with time by means of its rectification. 

The values of these parameters which have been calculated by such 
means (experiment 37 on the penetration of a ball indenter) are app 1- 
cable to the case of a linear relationship between Y and t; that is 
a = 1 and Q(t) = K(t) were shown to equal a0 = 0.009 cm*; b - 0.2 hr 
and c = 0.3. Consequently, for a given case, we have; y = ° K(t) = 
0.09 e “0.2t t -0.7 mm/hr, where v = || is the rate of the absolute 

deformation penetration and 0 is the stress under the indenter. 

Table 27 is a comparison of the value of the rate of deformation 
v, calculated according to formula (49), and the value obtained directly 

from experiment. 

Table 27. Rate of deformation v, mm/hr 

Value of v 

Time , hr 

0.25 0.5 1.0 1.5 2.0 3.0 4.0 5.0 6.0 7.0 

Theoretical 

Experimental 

0.223 

0.250 

0.132 

0.140 

0.073 

0.075 

0.049 

0.050 

0.037 

0.035 

0.023 

0.022 

0.015 

0.015 

0.010 

0.013 

0.08 

0.011 

0.006 

0.008 

* The quantity ao (or ai), generally speaking, is unmeasured if the 
rate of the related deformation is considered. However, in a 
given instance, we operate with an absolute deformation by pene¬ 

tration of the indenter. 
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Thus, substituting the value of Q(t> from expression (49) into 
formula (48), we obtain for the case of constant loading, 

ÕT ax 

n + —Ü. r (bt,c), 
(50) 

where T (bt,c) = e-zzc “ 1 dz is the incomplete gamma function. 

» i-o this formula, we can determine the deformation of frozen 
soïï at !nï moment!°^or á final stabilized deformation, let t = 
then F (bt,c) goes into the complete gamma function 

r(c) b-2 zc “ ^ dz, 

.„a t«Ke„ a^Unear. ate 

correspondingly simplified. 

latio^E^nfïecrÔrvaÿnrtSe ?ãSerUurâ P¿Íí5aPfr¿aaí%oU0?; 

the proce a aofde format ion ^thusrepre sen ti eg J c“MA°^“nJa“(1|52) 

?rrCthêaÎreêpe°£5îite“e,Xa tS pîopertiea o? which =hange “ith ti»e, 

can be applild here “‘»^•^^„rTSst^tSeoua def^Son 
ÎÂe"=i«£ŒnKÎîr áhoSd^ cöLiderS aa functiena ot tenp- 
erature; these appear, in turn, as functions of time, 

and 

Gi = ¢(6) 

K (t - v) 

¢17 (t)] 

_d 
dv [g(v) 

= Gitt), 

+ C (t,v)J 

(51) 

(52) 

«hAr*» eft v) is the measure creep deformation at the moment of time t 
fron^the^áction oía unit stress! which was applied at the moment of 

time v. 

The laws which were analyzed above were related to the stage of 

.tt.au«.daãÂoa -^-a«.rppÍÍ.S?a^r“thdaCrcS’orrhr0nS 
ÎÂ-SlÂch'^t riiU=îrÂv.'c£ rata et „natteauatad 
dïïoâlïioh (figure 40b). The integral of thia function, for the 

limits 0 anu », xo ------a A “ 
function at sufficiently large values of time must have a constan 

value, 

and -, is infinitely large: ^ Q(t) dt but the same 

Q(t) 
t - (T - Tlt 

dY 
ß 3t 

const. 
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then Q(t) = const — the reciprocal of the plastic viscosity. 
-r TpV _ _ , _ 

However, with some approximation we can represent the deformation of 
undamped creep as the sum of the deformations of the aftereffects 
Ydc and the flow Yfi; expressing Ydç by equation (47), and Yf| with 
the help of the limiting value considered above: Q(t) = _±_. 

npv 

Then, 

Ycr ~ Ydc + Yfl 
T Y 

= + J Q(t 
Gi 0 

v) <t> [t (v) ] dv + 

dV' 

(53) 

where ti is the time to reach the deformation value Yfl,i.e. the time 
which corresponds to the start of flow. Such time amounts to 100 to 

500 hr. 

For constant loading t = To = const, and taking (40) and (50) into 
account we obtain 

1 t, 
Y^v = Yi + Tu r Q(t) dt + i (x - Tlt)ß (t - ti), 

fl 1 cr 

or 

' cr 

1 + 
aTo r ^ ^ ^ - Tit)B - ti) = Y : + _il I (bt,c) + -ü-i— 
K r» 

(54) 

For long durations t^ can be neglected. For engineering calcu¬ 
lations, in many cases we can take o * 1 and ß = 1; then formula (54) 
is simplified. 

5. The laws of the reduction in strength of frozen soils 

The relationship between the distorting force and the duration 
of its action is one of the basic laws which must be known in order 
to calculate the strength of frozen soils. In section 2, Chapter VI, 
it was shown that for frozen soil this law does not correspond to the 
Maxwe11-Shwedoff equation of relaxation. However, at the same time, 
it was snown that the experimental points lie well on a straight line, 
if the reciprocal of the distorting force /±.1 is plotted vertically 

and the logarithm of the time, during which the distortion takes place 
(In t), is plotted horizontally. Such a graph constructed from exper¬ 
imental data on frozen soil for the displacement along the lateral 
surface of a wooden bar is presented in Figure 41. From this it 
follows that the law of loss of strength (in particular, adfréeze 
strength) of frozen soil is described by thé expression, 

where ß (in kg/cm^) and B (in hr) are parameters ^ which depend on the 
type of soili its temperature, and the moisture-ice content. The 
reduced formula has great practical value, since with its help and 
with data from short-term experiments, it is possible to calculate the 
value of t at which the strength of frozen soils decreases in a given 
period of time, e.g. in the life of a building. The physical nature 
of formula (55) was shown by Tyler, who applied it to the development 
of a theory for strength of amorphous solids, based on Eyring's idea 
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(Nadai, 1954); it has been analyzed in section 2, Chapter I. Taking 
the logarithmic law as a measure of the rate of the molecular processes 
which depend on an activation energy, and also considering the deter¬ 
mined rate of chemical reaction, Tyler assumed that the chemical bonds 
in the substance are destroyed upon stretching to some definite charac¬ 
teristic value Yiim. This condition agrees well with the second condi¬ 
tion of strength, which we obtained for frozen soils (section 3, this 

chapter). 

In t, min 

Figure 41. Rectification of the curves of 
the long-term adfreeze strength (e = -0.4O; 
(1) silty, muddy soil (experiment 22); 
(2) heavy, silty, sandy loam (experiment 2¾. 

To calculate the activation energy necessary for rebuilding the 
atomic structure, the relationship between the time necessary for 
failure of the elastic body and the action of the stress are expressed 
according to Tyler by the formula, 

t =Bexp (If) 
where a and k are constants, G is the modulus of deformation, and T 
is the absolute temperature. 

cxG 
Taking the logarithm of this expression and setting = ß* we 

obtain formula (55). The value of the parameters B and ß can be 
determined either directly from the graph of i. - In t, or by treating 

the experimental data by the method of least squares. Designating 

b = - and a = we represent formula (55) in the form, - = a + 

Then the values of a and b are determined from the common solution 
of the equations, 

na + b^ln t 

“Ç In t + b¿ (In t)2 j In t, 

where n is the number of experimental points. 

Processing the data of experiment 24 by such a method gives 
results shown in Table 28. 
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Table 28. Results from experiment 24 

12 S 

n t 
T 2 

kg/cm 
In t 
min 

1 
X (In t)2 

i In t 
X 

1 
2 
3 
4 
5 
6 

14 sec 
5.3 hr 

33 
77 

788 
4735 

4.8 
2.3 
2.1 
1.9 
1.7 
1.5 

- 1.47 
5.76 
7.59 

10.15 
10.76 
12.55 

0.208 
0.435 
0.475 
0.526 
0.588 
0.666 

2.16 
33.2 
'57.6 
103.0 
116.0 
157.5 

-0.243 
2.500 
3.605 
5.35 
6.32 
8.36 

- -jj. 

r 
i 

45.34 2.90 470.3 25.89 

1 

Substituting the obtained values in (56) , we have 6a + 45.34b 
2.9 and 45.34a + 470.3b = 25.89, from which 6=1= 31.9 kg/cm and 

cl ' D 
B _ e & = 6#5 • io“® hr. Having substituted these values in formula 
(55), we determi le the theoretical value of t for a given moment of. 
time t. Designa-ing the ratio of the experimental value of t to the 

theoretical - = t*, and assuming that for the case of ideal 
Ttheor. _ Et* _ 

correspondence of all theoretical and experimental points t av ® n 
1, we can calculate the value of the standard deviation for one 
determination, which for experiment 24 is 

4.6%, 

ex for a given where = t*=v - t* is the deviation of the ratio wnere oj. i av ^theor 

point from the ideal coincidence. Hence, the coefficient of variation, 
characterizing the general degree of deviation of the experimental 
points from the theoretical curve (55) , is described by the equation, 

p = _li— . 1.9%. 

T*av/n 

As we can see, the level of accuracy is adequate. 

Application of formula (55) for describing the process of loss 
of strength of frozen soil, and the direct comparison of the exper¬ 
imental and theoretical (calculated by the means discussed ‘-bov®> 
values of x are shown in Table 29. In this table, values of x were 
calculated in a manner somewhat different from the empirical method 
of formula (55) used by some authors for crystalline solids ( Procee - 
ings of Sessions OTN and OFM, Academy of Sciences USSR , 1954). 

T_ 
a 

(57) 

where a (in kg/cm2) and A (in hr) are the parameters. 
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Table 29. Experimental and theoretical values of t(kg/cm2), 
calculated according to (55) and (57) 

Experiment 22 1 'xperiment 24 

t 

T 
Theoretical 

T 
Theoretical 

T 
Experi¬ 
mental 

Accord. 
to 

formula 
(55) 

Accord. 
to 

formula 
(57) 

t Experi¬ 
mental 

Accord. 
to 

formula 
(55) 

Accord. 
to 

formula 
(57) 

7 sec 
45 
2.5 hr 

42 
77 

4247 

4.5 
2.3 
1.7 
1.5 
1.3 
1.1 

4.55 
3.3 
1.75 
1.45 
1.35 
1.05 

2.4 
2.2 
1.75 
1.5 
1.4 
1.05 

14 sec 
5.3 hr 

33 
4.29 M 

788 
4735 

4.8 
2.3 
2.1 
1.9 
1.7 
1.5 

5.0 
2.35 
2.05 
1.75 
1.7 
1.55 

3.2 
2.3 
2.1 
1.75 
1.7 
1.5 

As follows from Table 29 and as verified by the good co-linearity 
of experimental points when plotted in the coordinates t - In t, 
formula (57) , as well as (55), gives satisfactory agreement with a 
given experiment. However, considering the good coincidence of the 
initial points*, the greatest expressed slope at large t, and finally, 
the physical basis of formula (55) , for frozen soil this formula is 
preferred. Formulas (55) and (57) characterize the process of unlimited 
reduction of strength with increasing t, i.e. they verify the concept 
of a limited long-term strength of which we have already spoken. How¬ 
ever after a sufficiently large interval of time tüm, the reduction 
of strength will take place more slowly, and for practical purposes 
it can be neglected. This value of tj^will also correspond to the 
condition of limited long-term strength, 

t - 6 

The limit characterizes the stress at which, if exceeded, the rate 
of growth of the deformation becomes practically significant. This 
limit is a practical characteristic of frozen soil, necessary for en¬ 
gineering calculations. The reality and practical significance of the 
limit of long-term strength are verified by experiment. For illustra- 
tion, this was recognized once again in the experimental data on failure 

* With formula (57) the initial condition was not satisfied: as 
t 0, !-►«•, which cannot be valid. Formula (55) also does not 
satisfy the initial condition, but owing to the smallness of the 
parameter B, coincidence with the initial points is obtained, 
entirely satisfactorily, even at t - 10 sec. 
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presented in section ], Chapter IV on frozen soil, since all loads 
exceeding ].8 kg/cm2led to failure. However at a loading of 1.8 
kg/cm2, failure did not arise, even though the sample was held in a 
loaded condition more than six years. 

The value of the limiting time of reduction of strength tlim is 
estimated. For experiment 24 (see Table 29), a direct experimental 
determination of the long-term strength was given, in accordance with 
Table 15, tlt = 1.35 kg/cm2. Proceeding from formula (58) this valu« 

corresponds to t = Bexp/—\= 6.5 * 10 ^ exp [31.9/1.35] = 
Urn vit/ 

115,000 hr. 

Further increases in time must, consequently, have an extremely 
small effect on the quantity Tlt. Actually, if tnm = 50 years is 
taken* then t,. = 1.28 kg/cm2; if tu = 100 years, then *100 “V6 
kg/cm2, i.e. Sfily 5 to 7% smaller than found from experimental da£a. 
Just as for experiment 22, the value obtained was Tit = 0.9 kg/cm » 
this value for tnm = 50 years decreased only to 0.85 kg/cm , and with 
t,• = 100 years only up to 0.83 kg/cm2. Thus, considering the usual 
liée of a structure, the calculated value of the limit of the long-term 
strength can, with sufficient accuracy, be determined according to 
formula (58) by substituting into this formula the value of tiim = 
50 yr. 

6. Methods of determining the limits of long-term strength 

On the basis of the results already discussed, the following 
method of experimental determination of the limit of long-term strength 
of frozen soil follows. 

First, the most widespread method consists of a direct load¬ 
ing according to experimental data of a series of identical samples; 
each sample is under a different constant load, beginning from that 
causing instantaneous failure and finishing with those that are inde¬ 
structible over the long term. On the graph (Figure 19), the_ value 
of the failure load is plotted on the vertical axis, and the time to 
failure horizontally. The ordinate of the asymptote of the curve also 
determines t,. (or olt). This method is the most reliable; but it, 
together witntthe necessary experiments in sufficiently large number 
(not less than 6-8) on identical samples, is naturally complex and 
requires a great expenditure of time, since the duration of the experi¬ 
ments at small t is extremely great. 

The second method of determining the limit of long-term 
strength consists of finding points of inflection on the curve of stress 
and deformation. Experiments are performed under a load with an increas¬ 
ing rate, first holding it until the deformation stabilizes, and then 
until the beginning of flow. A graph is constructed of y and t on a 
logarithmic scale (Figure 20) from the test data; the obtained lines 
will have points of inflection, the ordinates of which also determine 
the values of Tit. The advantage of this method is the possibility 
of conducting an experiment with a single sample with the required 
repetition; the deficiency lies in the duration of the experiment. 



128 RHEOLOGICAL PROPERTIES AND BEARING CAPACITY OF FROZEN SOILS 

The third method consists of determining the limits of the 
long-term strength from a graph of load and the rate of plastic flow 
which is caused by the load (Figure 21)*. The value can be ob¬ 
tained as an intercept rn the ordinate axis of a straight line, or of 

a smooth curve 

T 
9 

as follows from formula (40) or (41) : at 

T 
Tlt 

dy _ 
dt 

0. 

The experiment can be carried out with one sample under an 
increasing rate of loading, as well as with a series of identical 
samples under different constant loads. The value of the load and the 
time it is held must be such that the rate of flow becomes constant 
and at the same time does not become extremely large. For construc¬ 
tion of the graph we can confine ourselves to three or four points (with 
the necessary repetitions). This limitation simplifies the experiments 
and shortens the time. To conduct the experiment on loading, it is 
necessary to maintain the flow for a sufficiently long time. Other¬ 
wise, error may occur, e.g. taking a slowly attenuating deformation 
as plastic flow, or, on the other hand, considering a slow flow as a 
stabilization of the deformation. This error leads to a subsequent 
error in the determination of t . Finally, in all cases it is neces¬ 
sary to ensure constancy of the ■'■temperature, since its variation leads 
to quite appreciable errors in the results. It is also necessary to 
protect the samples being tested from air drying; this is especially 
important for long-term tests. 

The fourth method consists of an analytic determination of 
i on the basis o£ Formula (58). This method allows us to determine 
It 

Tlt by means of a short experiment; this is its fundamental advantage 
over other methods. The testing is done with not less than three 
different loadings t, the values of which ensure rapid failur®. As 
a result, the test time t is determined at which failure occurs. The 
experimental data are plotted or a graph of the type in Figure 41; 
along the vertical axis the value/? of lare plotted, and along the 

8 
horizontal axis In t. The slone of the line, which is obtained on the 

graph, determines the value of j in formula (58). The intercept of 

this line and the vertical axis gives the value y = from which 

is found the parameter B = e-yß. Knowing parameters B and 8 and setting 
tiim = 50 years (or any time depending on the period of service of the 
structure), the value of the limiting long-term strength is determined 
according to formula (58). The values of the parameters B and B can 
also be calculated, using equation (56) , as was shown above. 

* In another interpretation, such a method was used by N. A. Tsytovitch 
(1940) for determining the limit of viscosity of frozen soil. 
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.. fn conclusion, we may say that the formulas introduced in 
the present chapter are, in principle, correct (with more exact def¬ 
initions) for plastic unfrozen soil as well, as was shown by the 

nui 'íf81^ (1955)' N-Ya- Denisov (1956), Geuse 
i-954^ M;N' (1957); creep and a reduction of strength 
ilso develop with long-term loads. However, an essential distinguish- 
..ng fea-ure of frozen soils is that their parameters, in all the 
lormulas introduced above, greatly depend on temperature, while for 
unfrozen soil the influence of the latter is insignificant; of course, 
the guantitative value of the.parameters for frozen and unfrozen soils 
ill be substantially different. Finally, the presence of ice in the 

soH8 the influ®nce of phase transitions of water on them 
sharply affect therrate of flow of the rheological processes in these 
soils in comparison with unfrozen soils. In particular, in frozen 
soils the strength is significantly lowered (in relation to the instan- 
taneous value) as compared to unfrozen soils, even though in the end 
t e long-term strength of frozen soils in all cases turns out to be 
larger than in unfrozen soils. 
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PART II. THE RESISTANCE OF FROZEN SOILS IN STRUCTURAL FOUNDATIONS 

CHAPTER VII. EXPERIMENTAL INVESTIGATIONS ON THE RESISTANCE 
OF FROZEN SOIL TO INDENTATION BY A PUNCH 

At the present time, calculations for ordinary foundations of 
structures are based on two limiting conditions: the stability 
(structural) and the limiting deformation. For frozen soil at low 
temperatures, taking into consideration its low compressibility, the 
calculations are based on the first limiting condition, which arises 
when the loading exceeds a limiting value. 

At the same time, under a limited load, as will be shown later, 
one should take, not the loading which gives rise to a bulging of the 
soils and failure settlement, but a loading small enough so that the 
settlement tends to stabilize at an amount (for frozen soil at low 
temperature) so small that for practical purposes it need not be con¬ 
sidered. When the limiting load is exceeded, there arises an unattenu¬ 
ated settlement (creep), which can lead to an impermissible deformation 
of the structure. Thus, calculations using the limiting long-term 
resistance of the frozen soil also satisfy the conditions of a limited 
deformation, since this resistance, if it is not exceeded, is the 
criterion ensuring that deformations unsafe for the structure will not 
arise. The exception is plafttic frozen soil at temperatures close to 
Oç, which with p<p may give a large consolidation settlement and 

lim 
for which deformation tests are necessary. 

In the remaining cases, calculations of the deformations of frozen 
soils are necessary only when taking into account the action of a load 
larger than the limiting load; i.e. which unattenuated settlement occurs. 
Such calculations are performed from the development of the settlement 
with time, in a manner analogous to calculations of creep. 

Study of the onset of the limiting state and determination of the 
limiting load can be performed with the help of an indenter penetrating 
into a soil model rigid footing for structures. 

1. Experimental methods 

Tests of the penetration of an indenter are performed in labora¬ 
tories (in caves) as well as under field conditions. Laboratory 
experiments were carried out with blocks (30 cm x 30 cm x 30 cm and 
15 cm X 30 cm X 30 cm) of undisturbed frozen soil, which were sealed 
into the "floor” of a cave (see section 1, Chapter I) and directly 
with soils in the cave under naturally occuring conditions. The 
characteristics of these soils are presented in Table 1. For trans¬ 
mission of the load to the indenter, a lever device with a vertical 
rod was used. The latter had bilateral screws, which allowed one to 
regulate, during the process of the experiment, the horizontal position 
of the arm. Some tests were performed on a lever press (0.5T)? in 
these cases, the block of soil was held in a container. A dial 
indicator measured the deformation (readable to 0.01 mm) with three 
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indicators on each indenter. In isolated cases other self-recorders 
were used. In most of the experiments, the indenter was applied to 
the surface of the soil, but in some cases the tests were made with 
deep penetration. For protection from the air, the surface of the 
soil block was covered with moist sawdust. 

Table 30. The Physico-mechanical Characteristics of The Soils 

Gradation, % Fractions, mm Plasticity, % 
Densityß 
tons/m 

or Sp. Gr. 

Sand 
>0.05 

Silt 
0.05- 
0.005 

Clay 
<0.005 

Liquid 
limit 

Plastic 
limit 

Plasti¬ 
city 
index 

1.0 38 61 64.5 27.5 37 2,'72 

Temperature observations were made with thermometers and thermo¬ 
couples. 

For the laboratory tests, circular flat-faced punches with diam 
of 5.0 cm, 7.13 cm, and 10.14 cm were used. The apparatus was placed 
on the smoothed and leveled soil surface. Tests were made under 
constant loads and under loadings which increased by steps. In the 
basic experiments, each step of loading was maintained until the 
settlement stabilized, and went on until continuous deformations 
occurred, over the course of sufficiently large (from 500 to 1600 hr) 
intervals of time. In some experiments the loading, beginning with 
the first step, was maintained for equal intervals of time. 

In the same cave, experiments were carried out under semi-industrial 
conditions with a circular indenter of larger dimensions: d * 50.5/cm. 
In these tests, the ball was pressed diractly into the soil of the cave. 
The loading was applied by a 100-ton hydraulic jack acting against the 
roof of the cave, which provided reaction through a special construction. 
Measurements of the penetration were made with three indicators, which 
were set up on deep-anchored pipes. These pipes were also used for measure¬ 
ments (by thermometers) of the soil temperature. Furthermore, thermo¬ 
couples were put in the base of the indenter. 

The tests discussed above also served at the same time for measure¬ 
ment of the reactive pressure of the soil under the base of the indenter 
for which an electrical device for measuring the deformations (see 
Chapter IX) was used. The soil with which the above-described semi¬ 
industrial tests were made was a dense, varved clay of the same type 
as discussed in Chapter I. The physico-mechanical characteristics of 
this soil are shown in Table 30. 



w 

132 RHEOLOGICAL PROPERTIES AND BEARING CAPACITY OF FROZEN SOILS 

Tha moisture content of the soil according to depth (taken from 
the base of the indenter) was: 

Depth, m 0.0-5 0.5-1.0 1.0-1.5 1.5-2.0 2-2.5 2.5-3.0 

w, « 55 43 45 43 50 61 

In the stratum of soil there was a large number of ice lenses, 
the thickness of which reached 3 to 5 cm. A graphic representation 
of the structure of the soil is given in Figure 44. The moisture 
content of the mineral layers of the soil (not including the ice inclu¬ 
sions) was equal to 38%. 

The chamber in which the experiments were carried out was placed 
at a depth of 10 m from the surface. The natural temperature of the 
soil at this depth, which was maintained throughout the experiment, was 

-0.5C to -0.6C. 

Experiments on the penetration of a punch were also carried out 
under field conditions. A circular punch of 70.5 cm diam was set up 
on a section of the permafrost station. The soils of this section be¬ 
low the bases of the punches had the following variations: punch no. 1 
in a heavy, silty, sandy loam, with a thickness of 2.0 m, underlaid by 
a dense varved clay; punch No. 2 in a heavy, silty, sandy loam, under¬ 
laid at a depth of 3.0 m by a layer of gravel, and followed by a dense 
varved clay; punch no. 3 in a 25 Cm layer of light, clayey soil, and 
below, a heavy, silty, sandy loam, underlaid at a depth of 1.8 m by 
an 80 Cm layer of gravel, below which was a layer of varved clay. 
The moisture content of the sandy-clayey soil varied from 20 to 30% 
and reached 35%; in isolated and comparatively few places, where the 
soil contained ice inclusions, it reached 50 to 60%. The depth of the 
summer thawing at punch nos. 2 and 3 was about 1.5 m; punch No. 1 was 
set up on a portion of the so-called "non-fusing permafrost," the upper 
surface of which occurred at a depth of 2.25 m. The punch was sunk 
to a depth of 2.95 m. The temperature of the soil at this depth and 
below was from -0.1C to -0.3C at punch nos. 2 and 3, and -0.1C at 
punch no. 1 

The loading on the punch was done with the help of a lever (Figure 
42); the short end was fastened to two anchors made of two metallic 
pipes (d * 89 mm) to which brackets were welded in a staggered arrange¬ 
ment. The pipes were placed in a 15 m hole and later frozen in. For 
regulation of the horizontal position of the lever, the connection with 
the anchors was with the help of the turnbuckle. The loading of the 
lever on the punch was applied(with a fulcrum) through a wooden post, 
rigidly connected to the punch. To keep the soil from being melted by 
the post, the latter was inclosed in a wooden case filled with grease. 
The deformation of the soil was measured with a dial indicator (three 
indicators on each punch) fastened to an immovable supporting pipe 
which was set into the ground to a depth of 6 m. To control reading 
of the indicator, a systematic leveling of all the setups was carried 
out. Observations of the temperature of the soil were made with a 
sluggish thermometer at depths of 0 m, 0.5 m, 1.0 m, 1.5 m, and 2.7 m 
from the base of the punch, and by three thermocouples, which were 
fixed in the punch. The setting up of the apparatus was done in May, 
when the temperature of the air was positive; as a result, the soil 
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was somewhat warmed. The punch was loaded at the end of the summer.
At this time, the temperature of the soil under the base of the punch 
was about 0 C, 2uid at punch no. 1 it was even + 0.05 C. Later, the 
temperature reached its natural value. To reduce the cooling of the 
soil during the winter its surface was covered with a layer of sawdust. 
The horizontal variations of temperature at the greater depths were 
insignificant: at a depth of 2.75 m temperatures varied, equaling 
-O.IC at punch no. 1, -0.2 C at punch no. 2, and -0.3 C at punch no. 3.

2. The character of the failure of frozen soil under penetration 
by a punch

The idea of a limiting equilibrium of unfrozen soil under local 
loading comes from the assumption, experimentally verified for dense 
sand, that the disturbance of the equilibrium is accompanied by a heav­

ing of the soil from under the base. However,for frozen soil, the 
deformed state is shown to be different from this. Actually, all the 
experiments performed with rapid increases of the loading up to 60 
kg/cm^, as well as with long-term experiments, showed that heaving is 
absent in frozen soil. This is well illustrated in Figures 43, 44, 
and 45 where photographs are presented of sections of blocks of various 
soils, from sandy loam to varved clays (at 6 = 0.4 C), after deep pene­

tration into them of punches under various loads and for different 
time periods*. Of course, the general rise of the surface of the soil

•. '--• ‘ ■■

f';-S' I

Figure 43. Section of a block of soil 
after the penetration of a punch, 
a. Silty, muddy soil (experiment 16, 
p = 0 to 25 kg/cm^). b. Light, sandy, 
soil: view of the compacted region of 
the soil under the punch (experiment 
21c, p - 0 - 18 kg/cm2, t = 432 hr).

* The designation p ■ 0 - 18 kg/cm^ and so on in the indicated photo­

graphs means the application of loads in equal steps, beginning at 
0 and finishing at 18 kg/cm^; the time t is the total duration of 
the tests.
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and some curving of this surface around the punch takes place as a 
result of the penetration of the punch. This deformation is far less 
than the heave that could be expected from calculations and which is 
observed in loose soil. 

A more important characteristic of the disturbance of the structure 
is the appearance of cracks on the surface of the soil, directed radially 
from the axis of the punch; these were observed in many experiments 
under laboratory conditions, with small punches, as well as under working 
conditions with punches of d=50cm (Figure 44). The photographs of soil 
sections (Figures 33, 4Í, 44, 45) well illustrate the character of the 
deformed condition of frozen soil. Of especial significance are the 
photographs of banded soils, in which the distortion of the natural 
calcareous layers in the soil is distinctly seen. The photographs show 
the densification region of the so-called "elastic" (point densifica¬ 
tion) "kernel," which is formed in frozen soil under the base of the 
punch*, similar to that which takes place in thawed soils. This kernel 
is especially easy to see in Figure 45a, where a section of the block 
separated like a walnut from its shell. The fact that the density of 
the kernel which has been discussed is greater than the density of the 
surrounding soil is indicated by the external form, as well as by direct 
comparison of the moisture content inside as well as outside the kernel 
(Table 26). 

Of special interest is the fact, that the displacement of the frozen 
soil with a disturbance of the equilibrium proceeded not along the curvi¬ 
linear slip surface, which is directed from the punch toward the free 
surface of the soil (as it is for unfrozen, loose soil), but at the 
side and below the punch in several lines, beginning at the punch edge 
at an angle to the vertical axis (Figures 33a and 45b). 

Between the kernel and the line of displacement there is found a 
region of deformed soil, but above this line and in the kernel itself, 
the layers of soil maintain a horizontal position. It is characteristic 
that the ice inclusions, seen in Figure 33a, were formed as a result 
of the squeezing-out of ice and water just along the line of displace¬ 
ment (in the locality of fracture surfaces). This verifies the fact 
that the previously referred-to lines delimit the region of plastic 
deformation, and possibly, are also lines of discontinuity of stress. 

From the above discussion it follows that structural disturbance 
of frozen soil under the action of a local loading is accompanied not 
by a heaving, but by a separation of the surrounding soil from the 
dense kernel which is formed under the punch. We point out,that in 
our opinion, an analogous phenomenon also takes place under certain 
conditions in plastic unfrozen soils. As shown by the recent, extremely 
interesting investigations of V. G. Berezantsev and V. A. Yaroshenko 

* The presence of such a kernel in the frozen soils was first pointed 
out in the experiments of V. G. Berezantsev (1949) , who performed 
investigations of the resistance of frozen soils under local loading. 

t' 
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Figure 44. The character of the 
deformation of soil when a punch 
penetrates it.
Test under field conditions: the 
punch has d = 500 nun. The soil: 
varved clay, 0 = -0.6C. a. Section 
of a soil block, showing the 
densified region under the punch 
and the bending of the clay layers, 
b. Top view showing the cracks on 
the surface of the soil.

(reported by them in 1956 in the All-Union Scientific Investigations 
of the Institute of Transport-Construction), an analogous picture of 
the structural disturbance is observed under certain conditions even 
in sand. Those authors established the fact, that depending on the 
density of the sand and the depth of the foundation, the fundamental 
character of the distortion of sandy soils will be different. With a 
shallow depth of foundation, a heaving of the soil occurs, but with 
a large depth in dense sand, and with any depth in loose sand, an 
expansion and densification of the surrounding soil (by the densifi- 
cation of the kernel) takes place. For argillaceous, unfrozen soils, 
the absence of heaving was pointed out in the works of B. I. Dalmatov 
(1951) and Sylvestrowicz (1953).

We established that the deformation of frozen soils takes place in 
this way: with small loadings on the punch there are only elastic and
structurally reversible deformations, which characterize the first.
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Flgura 45. A sactloned block of 
frozen soil (varved clay) after 
the penetration of a punch-

a. A clear view of the densified 
kernel, which was formed under 
the punch (soil with inter- 
stratified ice, experiment 22,
p - 0 - 10 kg/cm^, t • 1200 hr)..
b. View of the densified kernel 
under the punch and the deforma­

tion of the surrounding soil 
(experiment IS, p • 0 - 25 kg/cm^, 
t « 6043 hr).

linear portion of the settlement-load curve. When the loading exceeds 
a certain critical value, there arises in the soil a non-reversible 
structural deformation of dersification. These deformations, as was 
shown in Chapter IV, are a consequence of the flow of ice, its melting 
at the contacts between the mineral particles, the squeezing-out of 
the water and ice, which is formed from the region of high pressure 
under the punch, and the movement of mineral particles. As a result, 
a dense region of soil begins to form under the punch. Since in the 
process of densification, the physico-mechanical properties (density, 
the ratio between the solid and liquid phases of water and so on) are 
changed, then simultaneously with the rise in load the modulus of the 
total deformation also changes. Similarly, the relationship between 
the loading and the total deformation is nonlinear.

With any increase in the load, the region of densification is 
always increased. This leads to the formation of the dense kernel 
which has been described above. Finally, when the load reaches a 
limiting value and the greatest tangential stress in the neighborhood 
of the dense kernel exceeds the limit of the long-term resistance of 
frozen soil to displacement, there arises visco-plastic flow; the 
growth speed of this flow depends on the amount by which the load 
exceeds the limit. At this stage the densified kernel begins to separ­

ate from the surrounding less-dense soil, and together with the funda­

mental flow of ice which arises in it, there is also introduced a 
melting in the surrounding soil, a squeezing-out of water in the less 
stressed region, and so on. Further development of the visco-plastic 
deformation leads to structural failure of the soil.
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Thus, the total settlement of a penetrating punch depends, in the 
first place, on the densification of the soil due to the squeezing out 
of air, ice and water; secondly, it depends on the total upheaval of 
the surface of the soil (with local distortion about the edge of the 
punch) due to the sinking into it of the punch with an abutting kernel, 
similar to the upheaval of the surface of a viscous medium when a cone 
is pressed into it. 

Of course, the schematic development of the settlement which has 
b. en presented is to some degree arbitrary. Actually, all the enumer¬ 
ated factors affecting the character of the development of the settle¬ 
ment probably act simultaneously. However, in various stages, one or 
another of the phenomena has the áominant influence; this is reflected 
in the theory presented. 

3. The development of the penetration of frozen soil with time 

Figures 46 and 47 show the results of experiments on the penetra¬ 
tion of a punch into varved clay under a constant load, which was 
13 kg/cm , in consideration of the high density of the given soil. 
Figure 46 shows the exceptionally large influence which the temperature 
of the frozen soil has on the process of deformation. From this graph 
it can be seen that the settlement at -0.4C is 20 times larger than 
that at -7.6C. 
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Figure 46. The settlement of frozen soil (varved 
clay) upon the penetration of a punch with p « 13 
kg/cm2 * const, at various temperatures. (1) 6 = 
-7.6C (experiment 12), (2) e = -0.4C (experiment 
5). 

However, even at a temperature of -7.6C the settlement is not 
attenuated at once, but proceeds to flow for a very long time, although 
its value and intensity of growth are extremely small. At high temper¬ 
atures the settlement reaches significant dimensions, building up in 
2.5 months to 0.12d (where d is the diameter of the punch). In all 
cases the rate of settlement decreases with time corresponding with 
the law (48). 

The influence of the size of the punch is illustrated in Figure 
47. As in unfrozen soils, with the increase of size, the duration of 
the growth of the settlement and its absolute value grow, since the 
size of the compressed region is also increased. As a first approxi¬ 
mation, one can assume in analogy to unfrozen soils, that the settlement 
will be directly proportional to the diameter of the punch; however, 
this condition needs to be specifically checked. 
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Figure 47. The settlement in frozen soil of a 
punch under a constant load of p =» 13 kg/cm^, 
varved clay, 6 = -0.5C.(1) punch has F = 20 cm^ 
applied to the surface of the soil (experiment 
13); (2) punch has F = 40 cm^ applied to the 
surface of the soil (experiment 11); (3) punch 
has F * 80 cm2 sunk to a depth of 3d (experi¬ 
ment 8). (F = area] 

At the present time, in Soil Mechanics the depth of a foundation 
is considered only as a minor consideration [in settlement]► Actually, 
the role of depth is apparently quite significant. From a comparison 
of curves 2 and 3 in Figure 47, it is seen that a depth of 3d (d = 10cm) 
of the punch gives a settlement significantly smaller than a punch 
which is applied to the surface, even if in the first case the area is 
twice as large. The theoretical solution of the problem applies only 
to the case of a central force applied inside the elastic region. One 
can assume that the soil which lies above the bottom of the foundation 
not only counteracts the loading of its own weight, but, owing to the 
large force of the adhesion, takes part in the reaction of the entire 
deformed body. 

The role of the foundation depth will be still more significant 
if we consider the relieving effect of the freezing of the soil to the 
lateral surface of the foundation in permafrost*. As was shown (Table 
19), the adfreöze strength is appreciably large, and at a proper 
foundation depth the force of adfreeze can take a significant portion 
of the load, thus relieving the soil below. 

The results of field tests on the penetration of a punch will now 
be considered (Figure 48). As has already been shown, this punch is 
at 3m from the daily [sic] surface, but it was insulated from the 
covered soil with the result that all the pressure was transmitted to 
the base. First, notice the extremely long period of settlement which 

* With the condition, of course, that the permafrost table is not 
lowered by the presence of the foundation. 
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continued to increase for four years and is continuing at the present 
tine. i.e. over a period of more than 7 years, though the rate of 
qrowth is extremely small. Punch nal with a load of 1.3 kg/cm , acting 
2ïer a period of 4400 hr, settled (which was stabilised) about 7 mm, 
though the temperature of the soil under the punch was about 0C. An 
increase of the load up to 2.5 kg/cn? increased the settleroentafter 
24.000 hr (by 1/1/1956) to 35 mm; during the growth of the settlement 
(at an extremely.small rate), sharp changes were observed, the causes 
of which are not clear. Several increases of the rate of settlement 
(even though not large in absolute value) were also'noticed in the 
first half^of 1955. At that time, the increment of settlement was 
4 mm, but after the second half'of 1955 the settlement increased 
altogether by 0.7 mm (at 0 “ -0.1C). 

Punch no. 2, under loads of 1.25 kg/cm2 and 2.5 9*^* 8J®bl1- 
ized settlements of 5.5 mm and 21 mm. An of th® 
3.75 kg/cm2 increased the settlement after 24,300 hr to 31.5 mn. 
that time a noticeable increase of the settlement was noted only in 
the initial period. Subsequently the growth of 8®bti®I?enî:riPf°®?*Jed 
at an extremely small rate: about 1.6 mm/year. At this intensity, 
the settlement continued to grow also in the second half of 195b 
(0. - -0.3C to 0.4C) . 

Punch no.3 was placed under a constant load of 4 kg/cm2. 
intense rate of growth of the settlement was in the initial period when 
the temperature was close to 0C; during the first year the settlement 
was 44¡mm. In the following two and a half years it was only 1 
By January 1, 1956 fet 8 - -0.2C to -0.3C, with isolated dips to -1C) 
the settlement increased altogether by 5 mm, including in the last 
half year only 0.7 mm (at 0 = -0.4C to -0.5C). 

Thus, plastic frozen soil at a temperature close to 0C has the 
ability to develop long-term settlement. For sandy, clayey soils a 
a temperature of -0.1C, this settlement under a load of 2.5 Y.q/cm 
continues to grow even at the present time (1959) at a rate of 3.3 mm/ 
year (for the last three years), and for soils^ at temperatures of 
-0.3C to -0.4C under loads of 3.75 - 4.0 kg/cm settlement continues 
to grow at the rate of 1.5 mm/year. 

4. The relationship between the penetration and the load 

At the present time, calculations are made on the basis of the 
widely used principle of a linearly deformed region, according to which. 
1) the recoverable, as well as the residual portion of the settlement 
depends linearly on the loading; 2) both parts of the setbi®™e"b®r®he 
related to the so-called total deformation, which is apparent from the 

“ï deformation of the soil under the punch and in the surrounding 
soil Only the recoverable portion of the settlement should in fac 
be rêlated^to the total deformation; this follows from the elastic- 
instantaneous and the elastic-delayed deformations which are recovered 
with time (Figure 49). The remaining portion of the settlement 
fiensification and plastic deformation) has a local character which de¬ 
velops directly under the punch. At the edge of the punch, a tension 
deformation occurs, the amount of which determines bhe lo^ ®®3oÍemen ' 
The diagram of such a region, which was assumed by I. I. Cherkasov 
(1955), is represented in Figure 50a. 
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2700 2300 3100 3300 hr 

Figure 49. The recoverable deformation with 
long-term penetration of a punch into clay at: 
(1) e » -7.6C (experiment 12); (2) 0 = -0.4C 
(experiment 10); (a) portion of curve (1) to 
a larger scale. 

A graph of the relationship between the load and the final 
sehtlement of frozen soil, with separation of the settlement into 
recoverable and residual portions, is presented in Figure 50b. This 
graph was obtained from the data of tests under semi-industrial condi¬ 
tions (the punch d » 505 mm, varved clay, 0 - -0.6C), with removal of 
the punch after each step of loading. 

b pt Hg/cM* 
0 5 W If a HBSBI ■ 1 

Figure 50. The deformation of frozen 
soil upon the penetration of a punch. 

a. Diagram of the deformation of the 
soil. b. Graph of the dependence of 
the settlement on the load. (1) ini¬ 
tial position, (2) punch loaded, 
(3) punch unloaded; Sc-total settlement, 
Sg-residual settlement, Sv-recoverable 
settlement. y 

(59) 
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Figure 49. The recoverable deformation with 
long-term penetration of a punch into clay at: 
(1) e = -7.6C (experiment 12); (2) e * -0.4C 
(experiment 10); (a) portion of curve (1) to 
a larger scale. 

A graph of the relationship between the load and the final 
settlement of frozen soil, with separation of the settlement into 
recoverable and residual portions, is presented in Figure 50b. This 
graph was obtained from the data of tests under semi-industrial condi 
tions (the punch d - 505 mm, varved clay, e = -0.6C), with removal of 
the punch after each step of loading. 
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a 

Figure 50. The deformation of frozen 
soil upon the penetration of a punch. 

a. Diagram of the deformation of the 
soil. b. Graph of the dependence of 
the settlement on the load. (1) Ini¬ 
tial position, (2) punch loaded, 
(3) punch unloaded; Sc-total settlement, 
Sg-residual settlement, Sv-recoverable 
settlement. y 

(59) 
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which is analogous to the formula of I. I. Cherkasov (1952, 1955) for 
cohesive unfrozen soils, but it accounts for the variability with time 
of the parameters C and A'. 

In this formula, C(t) is the coefficient of the linear half¬ 
space, which equals C(t) = 1 - u2. where E is the time-dependent 

E (t) 
Young's modulus, and u is Poisson's ratio. 

The parameter A'(t) is the coefficient of residual deformation, 
numerically equal to the specific loading at which the punch is embedded 
to a depth equal to its diameter. The unmeasured parameter a' < 1 is 
the coefficient which characterizes the slope of the curve s = /(p); 
this coefficient may be taken as independent of time. 

The exponent a expresses the rate of consolidation of the soil, 
that is, the influence of the structural cohesion. The nonlinearity 
of the process of penetration of the punch is demonstrated by the 
changes of the physical properties of the soil with deformation, as 
well as by the fact that the residual deformation in the soil under 
the punch is developed gradually, as the stress in the soil block 
increases and passes to the limit. We point out that the parameters 
a, A, and C are functions of the temperature and the moisture content 
of the soil. 

The deformation of the soil surface around the punch can be 
described by the well-known expression from the theory of elasticity: 

ssur 
~a = pC(t) arcsin 

where d is the distance from the considered point on the surface to 
the center of the punch. 

Taking into consideration the small effect of the recoverable 
portion of the settlement on the form of the curve between the total 
settlement of the frozen soil and a sufficiently large range of loading 
(Figure 50b), the curve, in accordance with Formula (35), can be 
approximated by a monomial degree equation that is correct in the 
limits 0 < p < p . 

lint 

p = A(t) [£]a 
a 

(59a) 

where s is the total settlement, and A and a are parameters, analogous 
to A' and o' in Formula (59); numerically they are different, since 
parameter A changes with time within the limits A¿ > A(t) > Af. For 
basic calculations with a constant load there should follow from the 
final, limited long-term value of Af, a corresponding stable settlement 

The correctness of the degree of dependence of the total settle¬ 
ment on the load (for frozen soils), especially the plastic settlement, 
is verified by the data of experiments (Figure 51); experimental points, 
plotted on a logarithmic scale, lie well on a straight line. Deviation 
from a, power law is noticed only after the limiting value of the load¬ 
ing is exceeded. However, from these graphs the values of the parame¬ 
ters a and A are found: the first from the slope of the logarithmic 
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curve and the second from the intercept on the ordinate axis which 
determines In A. 

Figure 51. The relationship be¬ 
tween the settlement and the load 
in the penetration of a punch 
into frozen soil (in normal and 
logarithmic coordinates). 

a. Light, sandy loam; 0 * -0.4C 
(experiment 17). b. Silty, 
light, sandy loam, 0 = -0.4C; 
time of action of the load At; 
(1) 5 min, (2) 24 hr, (3) 504 hr 
(experiments 21a, 21b, 14). 
c. Dense banded clay, 0 = -0.6C; 
time of action of the load At: 
(4) 30 min, (5) 72 hr (field 
experiments 7 and 1. 

The nonlinearity, in particular of the power law between the 
load and the settlement of natural and thawed soil, has been spoken 
of previously by several investigators (G. I. Pokrovskiy and M. N. 
Troitskaya, N. Ya. Denisov, and others); at the present time it has 
been convincingly shown by the experimental and theoretical investi¬ 
gations of I. I. Cherkasov (1952, 1955), N. V. Laletin (1954), A. S. 
Smirnov, A. K. Biruli, V. D. Zinchenko,* and others. 

Into Table 31 are brought values of parameters A and a, intro¬ 
duced in Formula (59a), which were determined by means of processing 
the experimental data according to the method of least squares: 

*£(inp-ln § 

fin p-nJJ In j 
In A 

n 

* The determination of the modulus of deformation of soil. Report, 
Auto Transport Publication, 1955. 
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Table 31. The values of the parameters A and a 
for plastic frozen soil 

Experiment 
No. 

Soil 
Tempera¬ 
ture *C 

Time 
At 

A 
kg/cm2 

a 

21, a 

21, b 
14 
7 

4 (field) 
1 (field) 
9 

Silty, light sandy 
loam 

The same 
The same 
Silty, heavy sandy 
loam 

Dense, varved clay 
The same 
The same 

-0.4 
-0.4 
-0.4 

-0.4 
-C.6 
-0.6 
-0.4 

5 min 
2*4 hr 

504 hr 

1600 hr 
1 hr 

72 hr 
1200 hr 

61 
27 
23 

20 
900 
220 
48 

0.51 
0.57 
o.*o 

0.67 
0.88 
0.81 
0.81 

where n is the number of experimental points. * 

It follows from Figure 51 and Table 31 that the coefficient A 
depends significantly on the time of exposure to the loading step At. 
Particularly in the experiment which is under consideration, the 
value of this coefficient changed from 61 kg/cnr to 23 kg/cnr for 
sandy loam, and from 900 kg/cm2 to 50 kg/cm2 for dense varved clay. 
It is necessary to take into consideration this time factor in order 
to evaluate the deformation properties of the soil, since the deter¬ 
mination of A (or E) for a given short duration test, as sometimes is 
done in practice, leads to a significant misinterpretation. In regard 
to the coefficient a, the laws of its changes, with its dependence on 
At, have as yet not been established. For sandy soil at 6 --0.40, the 
value of a was shown to be 0.5 to 0.6, and for dense varved clay for 
e = -0.4C to -0.6C, o = 0.8 to 0.9. Note that for unfrozen soils 
the value of a ranges between 0.3 and 0.9. 

Table 32 gives a comparison of the analytic values computed from 
formula (59a) and the experimental values of the settlement. As can 
be seen, the coincidence which was obtained is satisfactory; the 
coefficient of variation p varies between the limits 1 to 5% and only 
in one case reaches 9% because of the fall of the first point. These 
data illustrate well the correctness of formula (59a). Note that only 
the rate law describes the process of penetration of the punch, which 
has a close contact with the surface of the soil (with a preliminary 
grinding or pressing, etc). Where the contact is not a close one, a 
local compression of the soil occurs and the curve s = f(p) is concave 
in the initial portion. 

It is known that a calculated characteristic of the deformation 
properties of soil serves as the modulus, of the total deformation, 
Eqf which for the linear deformation of a homogeneous medium is a 
constant value. For a nonlinearly deformed soil, the modulus Eq 
itself has a variable value which decreases with the growth of the 
pressure (Cherkasov, 1955). For separate calculations of the recover¬ 
able and the residuAl settlements,the value of this modulus can be 
determined in accordance with (59) 
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Table 32. Experimental and analytical values of the 
settlement in the penetration of a punch 

Experiment 21a Experiment 21b Experiment 14 Experiment 17 

p' 
kg/cmz s/d • 103 

p' o 
kg/cmz s/d * 103 

p' ^ 
kg/cnr s/d • 103 P' 7 

kg/cmz s/d • 103 

Exp. Anal. Exp. Anal. Exp. Anal. Exp. Anal. 

Silty, sandy loam 

4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 

4.8 
10.6 
17.4 
26.2 
38.0 
53.2 
71.2 

4.5 
10.1 
17.8 
27.6 
39.6 
53.9 
70.7 

2.0 
4.0 
6.0 
8.0 

10.0 
12.0 

5.2 
20.0 
38.6 
63.3 
95.0 

138.6 

5.6 
19.5 
39.2 
65.9 
97.3 

135.3 

1.0 
2.0 
3.0 
4.0 
5.0 
6.0 

6.0 
17.6 
33.5 
64.6 
79.0 

109.5 

5.7 
17.6 
34.7 
55.« 
81.3 

109.7 

1.0 
2.0 
3.0 
4.0 
5.0 
6.0 

2.0 
4.2 
7.3 

11.2 
16.4 
25.2 

1.5 
4.2 
7.9 

12.0 
17.3 
22.8 

aj_=*4.45% p=l. 7% 

Experiment 7 
(field) 

Oi-4.05% p-1.65% 

Experiment 1 
(field) 

Oi-3.3% p»l.35% 

Experiment 9 
(lab) 

o^“20.8% p«9.3% 

Experiment 15 
(lab) 

P' 7 7 
kg/cm2 s/4 • 103 

Exp. Anal. 

P' 7 7 
kg/cnr s/d • 10J 

Exp. Anal. 

kg/cm2 s/d • 103 

Exp. Anal. 

P' 7 7 
kg/cm2 s/d • 103 

Exp. Anal. 

Dense, varved clay 

2.5 
5.0 
7.5 

10.0 

1.2 
2.8 
4.8 
6.7 

1.25 
2.85 
4.70 
6.65 

2.5 
5.0 
7.5 

4.1 
8.9 

15.9 

3.9 
9.35 

15.4 

2.0 
4.0 
6.0 
8.0 

10.0 
12.0 

20.0 
47.4 
74.2 

110.0 
147.0 
176.0 

20.0 
46.9 
77.3 

110.8 
146.6 
180.9 

3.0 
5.0 
7.0 
9.0 

5.9 
16.5 
34.0 
70.8 

6.1 
17.9 
35.4 
61.4 

Oi~2.2% pvl.1% — o¿*2.1% p* •0.75% aj*K ).6% p-5.1% 

NOTE: o¿ - standard deviation Ç, p - coefficient of variation % 

1 

C(t) + P1 • a' 
A' (t) 

For calculation of the total settlement, proceeding from Formula 
(59a), the value of Eq is determined by the expression 
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E0 

1 - U 

7 = J V A(t) pa - ^ = J A(t) [J]' 
- 1 

(60) 

where Eg = f (t) , while Eq(í) > Egit) > Eg(f). 

The value of the exponent a depends on the properties of the 
frozen soil: the denser the soil and the lower its temperature, the 
closer to unity is the exponent. For example, for dense varved clay 
even at 0 = -0.6C, a = 0.8 - 0.9. In many cases (soils at low temper¬ 
ature) , the value of a can be taken equal to unity. Then A = w E0 

T 1 - „2' 
0 

and formula (59a) transforms into the well known equation of a 
deformed linear medium: 

P 
w 
T 

E0(t) s 

1 - „v (61) 

with the difference, however, that Eg is a function of time. 

The nonlinear character of the relationship between s and p 
correctly reflects the physical nature of the process of Die defor¬ 
mation of frozen soil. At the same time it allows one to take into 
consideration the behavior of the soils in a broader region of load 
changes up to its limiting value, whereas the application of the rule 
of linear deformation is restricted to the limit of proportionality. 
However, in view of the undeveloped state of the theory of nonlinear 
elasticity, the direct utilization of the power law for calculation 
from fundamentals has practical difficulties. Therefore, these 
calculations can be carried out by the method of the theory of linear 
elasticity by replacing the actual curves s = f(p) by broken straight 
lines. In specific cases, one can prove that straight lines are a 
satisfactory approximation for the entire curve, so that the assumed 
value of Eg for the actual value of the deformation can be taken. 
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CHAPTER VIII. DETERMINATION OF THE BEARING CAPACITY OF FROZEN SOILS 
TAKING THEIR RHEOLOGICAL PROPERTIES INTO ACCOUNT 

1. Theoretical value of the limiting stress 

The analytical computation of the limiting stress is achieved 
by means of the theory of limiting equilibrium (Sokolovskiy, 1950, 
1954). According to Novotortsev and Sokolovskiy, for cohesivo soils 
possessing both cohesion (c) and friction («), the limiting stress 
(for a two dimensional problem in which gravity is neglected) is 
equal to : 

Plim " c cot*[i-! sin» e'tan*- i] + q^-t- IQ* e’tar*. (62) 

where q ** Yg hf is the load (Yg is the unit weight of 
hf is the depth of the foundation). 

the soil. and 

For soils which do not possess internal friction, 
obey condition (31) , the above formula can be written. 
Prandtl, as 

i.e. which 
according to 

plim “ + 2) c + q. (63) 

N. A. Tsytovich (1937, 1952) suggested the use of formula (63) 
for frozen soils. Using a limiting long-term value of the cohesion, 
cit, to account for the rheological properties of frozen soils, the 
direct application of formula (63) to frozen soils is possible when 

^\ralUes °f are smal1 and can be neglected in the calculations. 
If the soils possess both cohesion and friction, then one must use 
formula (62) introducing in it limiting long-term values of the strength 
parameters cit and 4lt. 

At the same time, as S. S. Vialov and N. A. Tsytovich (1956) 
have shown, it becomes possible to use the results of a ball-test to 
determine the limiting stress on such soils by means of the complex 
characteristic ce called "equivalent cohesion" (section 2, Chapter II). 
From a comparison of the computations, it follows that if one substi¬ 
tutes the value of the equivalent cohesion in (63) , within certain 
limits, the value of piHm obtained will be equal to the value obtained 
y means of formula (62)f which takes cohesion and friction into account 

separately. For instance, according to experimental data for three 

dl5fîrnn£ the value of ce is equal to 0.75 kg/cm2 ; 2.3 kg/cm2, 
and 4.0 kg/cm¿. Let us now assume that the value of <(i for these 
soils can vary from 0 to 30°. Then by means of formula (19) the 
following values of c are obtained (Table 33). 

Let us further determine the value of plim by two formulas, 
namely, (1) by formula (63), in which c is replaced by c^/i*», and 
(2) by formula (62), in which c and <|> are replaced by the values of 
Cit and ♦lt obtained in Table 13. in addition, the values of the load 

(in kg/cnr) are assumed to be varied. 
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2 
Table 33. Values of c (kg/cm ) for various values of 4 and ce 

4 M values of c for ce equal to 

0.75 2.3 4.0 

0 
10 
20 
30 

1 
0.615 
0.285 
0.122 

0.75 
0.45 
0.214 
0.092 

2.3 
1.41 
0.655 
0.280 

4.0 
2.46 
1.14 
0.49 

It can be seen from the range of variations of c and 4 (bounded 
in Table 34 by the dotted line) , that the results of calculations by 
these two formulas are in ¿¡lose agreement. In this way, the limiting 
stress for frozen (and plastic unfrozen) soils can be determined 
according to the formulas of the theory of plasticity, using the 
equivalent limiting long-term cohesion.- For strip footings, formula 
(63) is used as is, whereas for two-dimensional circular footings 
(Ishlinskiy, 1944; Berezantsev, 1949) we should use 

Plim * 5-65 ce + (ï' (64) 

2 
Table 34. Values of (kg/cm ) for various ce , q , and 4 

Method of cal¬ 
culation. 

4 0
 

<D
 H O
 

• ce = 2.3 

O
 • 

II 0) 
Ü
 

q q q 

0.25 0.5 0.75 0.25 0.5 0.75 0.25 0.5 0.75 

By formula (68) 
with the intro¬ 
duction of ce. 

By formula (62) 
taking c and 4 
into account 
separately. 

0 
10 
20 
30 

4.1 

4.1 
4.4 
4.8 
7.3 

4.4 

4.4 
S.O 
6.4 
11.8 

4.6 

4.6 
5.6 
8.0 

16.5 

12.1 

12.1 
12.1 
11.3 
12.9 

12.3 

12.3 
12.8 
13.0 
17.4 

13.6 

13.6 
13.4 
14.5 
20.0 

20.9 

20.9 
20.8 
18.5 
19.0 

21.1 

21.1 
21.5 
20.1 
23.7 

21.4 

21.« 
22.5 
23.3 
28.3 

For a two-dimensional footing of square cross-section (Shield 
and Drucker, 1953), we should employ 

Plim • 5*71 ce + q* (65 

Note that if we take into account the influence of the "elastic 
kernel" forming under a punch, the limiting stress, for a two-dimen¬ 
sional problem, is equal to (Berezantsev, 1949) 
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Plim 5.7 ce + <1' (66) 

In the following computation it will be shown that the possibility 
of determining the limiting stress through data of ball-tests follows 
directly from an examination of the nature of these experiments. 

2. Determination of the limiting stress from the results of 
penetration by spherical indenters 

A further application of the ball-test method, suggested by N. A. 
Tsytovich, consists in the direct evaluation of the bearing capacity 
of frozen and plastic unfrozen soil through the amount of penetration 
of the spherical indenter. From the solution of the problem of the 
limiting equilibrium of a plastic medium under penetration by a sphere 
(Ishlinskiy, 1944), it follows that the normal stresses under the 
sphere are distributed according to some non-linear law yielding oi = 
4.37 c at the edge of the surface of imprint and oi * 7.0 c in the 
center. x 

The average normal pressure, per unit area of the imprint surface 
w, transferable by the spherical indenter penetrating under a concen- 
trated force P, is equal to 

P P 
p = ^ (67) 

where d is the diameter of the sphere, and st is the depth of the 
imprint. ^ r 

For the penetration of a sphere in frozen soil, the depth and 
hence the area of imprint «t increases with time. Consequently, the 
average pressure £ decreases. In addition, the curve representing 
the decrease of £ in time will resemble the relaxation curve for 
cohesion (Figure 5). The minimum pressure £ corresponds to the final 
stabilized penetration of the spherical indenter sf. This is also 
the limiting pressure Püm, i.e. the condition of limiting equilibrium 
sets m at this value. Any increase of the force p * , wd^ce, 
applied to the sphere results in a sinking of the sphereby an amount 
s > y, and causes a permanent visco-plastic deformation. Comparing 

expressions (67) and (18) for st * Sf, we get the following formula 
for the computation of the limiting stress on the soil under a spher¬ 
ical indenter: ^ 

Plim “ or plim = 5.55 ce¡ 

taking the depth into account, 

Plim " ^¿7 + S * 5-55 ce + q- 

(68) 

(69) 

4.v,a«^ThÍ8e.eXpr?8S^o»Ca? also be obtained directly, using the plasticity 
theory. Formula (69) gives values of plim which are close to the valuer 
hi S^îî188 6Í ™, (67). Thus, the limiting stress determined 
by the depth of the penetration of a spherical indenter can be approx¬ 
imately considered as the limiting stress on a shallow, flat, two- 

82?are 0r clrcular <and ^ «orne allowance, even rectangular) cross-section. 
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The method of pressing a spherical indenter of sufficiently large 
dimensions for field determination of the bearing capacity of frozen 
(and plastic unfrozen) soil seems promising to us, compared to the 
standard method of test-loading flat punches. With this method 
(spherical indenters), the tests are carried out under a unique 
constant load (as opposed to a series of loads increasing in steps), 
each of which must be maintained until the stabilization of the 
deformation. This method shortens significantly the duration of the 
experiment, and decreases its cost. Furthermore, with the method 
using test-loads, the value of Pi¿m is cetermined by means of the 
"conventional" point of inflection of the penetration curve (the 
choice of the point of inflection is tj a certain extent subjective). 
For a test of the penetration of e .sphere, the value of Piim is deter¬ 
mined in a very simple, well-defined way, i.e. directly from the value 
of the stabilized penetration which is, so to speak "automatically" 
noted by the fact that the pressure reaches a limiting value, Pum = 
P 

Note that, unlike tests of individual samples, tests with a 
sphere having a large diameter allow taking into account the influence 
of the structure of the frozen soils, c.g. the presence of ice inclu¬ 
sions in them. That is they allow to some extent the evaluation of 
the bearing capacity of the whole soil mass. One need only point out 
the necessity of a special investigation of the problems of the 
influence of the sphere's dimensions and the values of the stresses 
for the final results, i.e. one should investigate-the conditions of 
similarity and invariance of Piim. In particular, in section 3 of 
Chapter II it was shown that in the penetration process a certain 
strengthening of the soil occurs, although it is very small for prac¬ 
tical purposes. In conclusion, note in Table 35 the values of Piim 
obtained from tests on frozen soils of natural structure for penetration 
of a ball indenter under laboratory conditions. 

Table 35. Values of the limiting pressure of frozen soils 

Piim (kg/cm^) for a temperature 
Moisture 
content % 

Soil 
-0.3C -1.2C -4.2C 

35 
32-36 

Dense, v&rved clay 
Silty loam 

Heavy, silty, moist 
sandy loam 

Silty, sandy loam 
Sand 

10 
3.5-5.0 

14.5 
5.5-8.3 

23.0 
11.0-14.0 

43 
34-28 
23 

4.2 
5.0-7.2 

10.0-13.0 

11.0 
8.9-11.0 15.5-18.0 

15.0 21.0-25.0 

3. Comparison of the experimental and theoretical values of the 
limiting stress 

In Figure 52, the results of two tests on undisturbed frozen soils 
by the penetration of flat, circular, punches (d = 50 mm and 71 mm) 
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are shown. In experiment 17 (light, sandy loam, w ■ 26%), the pene¬ 
tration for stresses up to 5 kg/cm2 (inclusive) was for all practical 
purposes damped; for stresses equal to or greater than 6 kg/cm2, an 
undamped penetration arose, leading to collapse*. When this undamped 
penetration arises, the well-defir.?"4, ¿elation between the penetration 
and the load is no longer valid, ang the experimental points begin 
to deviate from the curve p a (§•) . This is represented by the kink 

thmic scale. Hence, the ordinate of 
In the experiment 

of the curve plotted on a logarit 
this point determines the limiting stress Pi¿m 
examined, Piiro “ 5.3 kg/cm2. 

A power law is not the only law representing the relationship 
between the stress and the penetration; one can, generally speaking, 
select another equation for the curve s » -f(p) fitting the experimental 
data more or less satisfactorily. In all cases, the well-defined 
relation between s and £ will be valid only for stresses smaller than 
Plim* 

The other example (Figure 52b) refers to a sandy loam of high 
ice-content (w = 42%) (experiment 7). This soil is highly silty and 
plastic; its plasticity index (16%) is close to that of clay soils. 
The peculiarities of this soil explained the long duration of the 
deformation process: even after 1775 hr for p = 2 kg/cm2, and after 
2376 hr for p = 4 kg/cm2, the penetration had not become completely 
stabilized. However, these penetrations increased at an extremely 
s®*ii rate (.005 nun/day and .0075 mm/day) and had a damped character. 
The value of the limiting stress for this soil, determined by means 
of the kink of the curves In (£) (vs. In p), turned out to be equal 
to Plim = 4-7 kg/cm2. d 

Now compare the above experimental values to the values of Piim 
computed by formula (68) according to the data of laboratory tests of 
penetration with a ball indenter. For experiment 17, these tests 
yielded ce = 1.0 kg/cm2, hence plin) = 5.55 kg/cm2. For experiment 7, 
ce = 0.88 kg/cm2 and pli]n = 4.9 kg/cm2. The results of similar 
comparisons for other experiments are given in Table.36. 

It can be seen that the analytical and experimental values of 
Plim obtained are sufficiently close to each other. This proves the 
applicability of formula (68) for the evaluation of the bearing 
capacity of frozen soils. 

4. Influence of ice inclusions on the bearing capacity of frozen 
soils 

Let us now examine the results of pressing punches into frozen 
soils having ice layers; for this purpose, consider first the case 
in which these layers occur close to the base of the punch. Under 
the action of pressure, plastic deformations arise is the ice, which 
for relatively small stresses develop into a permanent bending of the 
ice layers (Figure 53a). With the growth of stress, the strengthened 

* On the graphs of Figure 52, the results of the tests are not completely 
shown; actually in experiment 17, the load reached 20 kg/cm2 and in 
experiment 7, 12 kg/cm2. 
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Table 36. Experimental and analytical values of the limitinq stress
Plim 0tq/cm2)

No. of the 
experiment

Soil

Experimental

values

Analytical

values

Plim ®e Plim

19 Dense, varved clay 10.0 1.8 10.0
15 The same (mineral layer) 9.0 1.8 10.0
17 Light, silty, sandy loam 5.3 1.0 5.6
16 The same 6.0 1.2 6.7
14 The same 6.3 1.2 6.7
7 Ice-saturated, heavy, 

silty, sandy loam 4.7 0.88 4.9

Figure 53. Cross-section of blocks 
of frozen soil with ice inclusions 
after punching.

a. Beginning of the penetration: 
the ice layer is only.bent. b. The 
ice layer is partially pierced 
through, c. The ice layer is com­

pletely pierced through.
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soil nucleus begins to be embedded in the ice layer (Figure 53b), 
piercing a hole through it (Figure 53c). Thus, the presence of ice 
layers in the immediate vicinity of the base of the punch increases 
the rate and the amount of the penetration, and decreases the bearing 
capacity of the soil. These facts are illustrated in Figure 54, 
where results of tests with a punch (d = 50 nun) in varved clay, with 
and without ice inclusions, are compared*. It can be seen that for 
small stresses, the penetration is almost identical in both situations. 
However, as the stress increased, the penetration of soil with ice 
layers sharply increased: the punch, together with the strengthened 
kernel sank in the ice as in a viscous medium. When the ice layer 
was completely pierced through and the nucleus under the stamp 
encountered" the soil under the layer, the rate of penetration sharply 

decreased. This deceleration is well-reflected by the changes of 
slope of the curves s = f(p) and s = f-(t) (Figure 54). It is signi¬ 
ficant that the total penetration in experiment 20 was half that in 
experiment 22, since the thickness of the ice inclusion was approx¬ 
imately 8 mm in the first case, and 20 mm in the second. 

omm boo ouo woo tzou 

Figure 54. Influence of the structure of 
frozen soil on the strength under punching. 
Growth of the settlement with time, and 
the relationship between stress (p) and 
(s) settlement. 

1. Dense, varved clay without ice layers; 
8 = 0.4C (experiment 9); 2. The same, with 
an ice layer 20 mm thick (experiment 22); 
3. The same, with an ice layer 8 mm thick 
(experiment 20). 

* The photographs in Figure 53 are related to these experiments. 

r 
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Now consider the case in which the ice layers are located at 
a certain distance from the base of the punch. Ice layers pressed 
between mineral layers of soil, turn out to have a significantly 
smaller weakening effect on the strength of the whole block. The 
ice is in a sort of sheath and cannot be pierced through the layer 
of frozen soil; hence, the ice layers are bent only in a plastic 
manner, and even this occurs only in a small region (Figure 4<a). 
Interesting data about the influence of ice layers on the bearing 
capacity of frozen soils were obtained independently of our inves¬ 
tigations by the Permafrost Station of the Norilsk Mining Combine 
(L. P. Gavelis, G. N. Maksimoviy, and others)*. As in our case, 
these experiments showed that the punching depends not only upon the 
total thickness rf the ice inclusions, but also upon their dimensions 
and distribution. For instance, soils with thick but rare ice 
layers gave large settlements, whereas the presence, even in large 
amounts, of thin isolated ice inclusions decreased the settlement in 
comparison. 

Summarizing these facts, one can suggest the following: the 
presence of ice layers lowers the total strength of frozen soils 
under long-term stresses1". However, if the ice layers are not distri¬ 
buted in the immediate vicinity of the base of the footing, but are 
separated from it by a layer of mineral soil, then the loss of 
strength is not very large. Thus, in our experiments, we found 
that the limiting stress for varved clay without ice layers was 
10 kg/cnr, and with ice layers (having a width of 3 to 5 cm) 7.5 kg/cm 

The effect of the ice inclusions will differ according to their 
thickness, their total width, and their distribution. Separate, iso¬ 
lated ice inclusions, surrounded on all sides by mineral soil, will 
be much less distorted than uniform horizontal layers. It is signif¬ 
icant that frozen soils with isolated ice inclusions yield less 
settlement, even when they thaw, than soils with uniform layers 
(Bakulin and Zhukov, 1955) . When continuous horizontal ice layers 
are present, their deformation, which occurs as plastic bending, will 
obviously increase as the thickness of the layer decreases. 

Finally as a conclusion, let us note that, regardless of the 
weakening effect of the ice inclusions, the apprehension regarding 
these inclusions prevalent among many engineers is, in our opinion, 
unjustified, if the preservation of the frozen state of the foundation 
is ensured, and if the ice inclusions are not located directly under 
the base of the footing. From the above qualifications, it is recom¬ 
mended that a fill of moistened sand which will subsequently freeze, 
be constructed under the footing. If this recommendation is followed, 
soils with ice layers can have a satisfactory bearing capacity. This 
is verified by our experiments and by those of the Noril'sk Combine. 
For instance, according to their data, the penetration in silty, sandy 
loam and loam soils with ice inclusions (6 = -2C) of the punch in the 

Partial data for the experiments are published in the journal 
"Osnovaniya, Fundamenty i Mekhanika Gruntov", 1959, No. 3. 

t On the contrary, for rapidly applied stresses, e.g. when excavating 

th^soil0113' the presence of ice layers increases the strength of 
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field tests (p - 10 kg/cm2) did not exceed 3 cm. Therefore, one can 
already increase (in comparison with U and TU 118-54) the values of 
the permissible pressure on soils with ice layers. At the same time, 
one must note that the question of the effect of the structure of 
frozen soils on their stability still requires thorough study. 

5. Computed strength of frozen soils in structural foundations 

The computed strengths (permissible pressures) R = Pper soils 
ynder foundations are determined by the value of tfie limiting stress, 
and by introducing a safety factor, R * plirc; for frozen soils, the 

value of Pi¿m can be calculated by means of formula (69). 

From the experimental data, it follows that a slight increase of 
the stress, beyond the value of Piim» does not lead to an instantaneous 
loss of strength and a subsidence, but only to the emergence of a 
visco-plastic flow which can develop during an extremely long time 
interval without causing catastrophic deformations of construction. 
Hence, the safety factor need not be excessively large. With a 
sufficient margin, dictated by the newness of the suggested computed 
values, one can choose k = 1.5 (and up to 1.75). For such a value of 
k, the value of Piim is close to the so-called critical (marginal) 
stress Pcrit a ce + 3» for which any essential visco-plastic defor¬ 
mations of the frozen soil are not acceptable; the settlement (al¬ 
though it can develop in an extremely long time interval) is explained 
on the basis of the structural deformation due to consolidation. 

Taking the slight compressibility of frozen soils at a low 
temperature into account, the observance of the condition N í R 
(where N is the average pressure transmitted to the soil on the base 
of the Foundation) will also satisfy the conditions for the calcu¬ 
lation of the deformation of a frozen foundation soil. The only 
exception is for plastic soils having a relatively high temperature 
(close to 0C). Since such soils can settle appreciably (section 2, 
Chapter IV), it is necessary to test them, like unfrozen soils, for 
the condition of limiting deformation, s < T, where t is the limiting 
value of the deformation of the foundation, determined according to 
the character of the surface construction; this value is fixed by 
the standards (N and TU 127-55). The value of s is found either by 
formula (59a), or by the usual Soil Mechanics methods, through the 
experimentally known values of Eq (section 4, Chapter VII) or of a0 
(section 2, Chapter IV), taking into account the variation of these 
parameters with stress. 

In Table 37, some values of our recommended design strength 
(permissible pressures) of frozen soil under footings are given*. 
These values were obtained by analysis of the results of field and 
laboratory experiments, and also on the basis of the results (Table 
35) of penetration tests by a ball indenter, together with formula 
(69). 

* The values of the computed strength, given in Table 37, are somewhat 
more precise than the ones suggested earlier by the author (Vialov, 
1954, 1959), with respect to their differentiation and factor of 
safety. 
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Table 37. Computed strength (permissible pressures) 
of frozen soils under footings 

No. of the 
experiment Soil 

R(kg/cm2) for a temperature of °C 

-0.5 -1.5 -2.5 -4.0 

1 

2 

3 

4 

5 

Rubble and gravel soils, 
coarse and medium sands. 

Fine and silty sand 
V up to 25%). 
Sandy loams, 

including silty ones 
(w up to 35%). 

Loams and clay soils 
including silty ones 

(w up to 45%). 
All kinds of soils with 
large ice inclusions and 

ice layers. 

6.0 

5.0 

3.5 

3.0 

2.5 

10.0 

8.0 

6.0 

5.0 

4.0 

12.0 

10.0 

8.0 

6.5 

5.0 

15.0 

12.0 

10.0 

8.0 

6.5 

Notes: (1) The physico-mechanical properties of the tested soils are 
given in Tables 1, 2 and the value of the cohesion in 
Table 10. 

(2) Numbers 1-4 are accurate for soils having only separate, 
isolated ice inclusions of small dimensions (with thick¬ 
ness from 3-5 mm). 

(3) Number 5 refers to ice-satnrated soils, the liquidity 
index of which exceeds B > 1.3, and to soils with a large 
content of uniform ice inclusions and ice layers (with-a 
thickness greater than 3-5 mm) covered by layers of 
mineral soil, provided that these layers are at a dis¬ 
tance from the base of the foundation of not less than 
0.2 - 0.4 m. Otherwise, one must place under the founda¬ 
tion a fill of moistened sand (of 0.25 - 0.5 m thick) 
which will subsequently freeze. 

(4) The computed strength of dense varved clay of the types 
described earlier (of glacial-lake sediments; see Table 
11) can be used for mineral layers, in agreement with 
point 1 of this table. However, when ice inclusions are 
present, values 20 - 50% smaller should be used. 

The factor of safety for the calculation of Pner was chosen equal 
to k * 1.5; k * 1.75 was selected for soils at a temperature of -0.4C, 
and the value of che load q « 0.4 kg/cm (h$ * 2.5 m). The dependence 
of the quoted values of R upon the temperature is described by a 
formula of the same type as (23). 
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The computed value of the temperature of frozen soil must be 
taken from the highest average monthly temperature at the depth of 
the footing; it can be determined during the process of construction. 
When computing the stress transmitted to the base of the footing, 
one can compute the uplift effect of the adfreezing of the soil with 
the lateral surface of the foundation inside the frozen stratum. 

One must say a few words about the permissible pressures on 
frozen soils with a temperature close to OC (up to -0.2C to -0.3C). 
In the literature, there are indications that such soils are compar¬ 
able to unfrozen soils from the standpoint of bearing capacity. 
However, such an approach is equivalent to recognizing that plastic 
frozen soils, in general, are not stable for foundations. For instance 
according to Table 1, silty, sandy loam from pit No. 31-k has even in 
the absence of ice layers a void ratio of & = 1.15 and a liquidity index 
D = w - ^12. = 1.05. This means that after thawing the soil will be 

in a flowing condition, and the values of R recommended by N and TU 
127-55 for thawed soil are generally inapplicable. Actually, the 
above-mentioned soil, for 6 = -0.1C to -0.2C is in a plastic state, 
and possesses a definite bearing capacity. Thus, according to the 
data of field experiments (Figure 48), silty, sandy loam soils, at 
a temperature from OC to -0.15C support without trouble a load of 1.3 
kg/cm2, and even for p = 2.5 kg/cm2, they have an extremely slow rate 
of settlement, equalling only 3.5 cm after three years. Hence, frozen 
soils with a temperature close to OC to -0.2C must be compared not 
to frozen soils, but to plastic unfrozen soils, evaluating their 
consistency not by the total moisture content, but only by the content 
of unfrozen water. 

Now compare the values of R in Table 37 to those recommended by 
the standards. In the accepted standards (up to 1955) and in the 
technical standards of OST 90032-39, as well as the Technical Specifi¬ 
cations MPS of 1941, the values of R = Pper were chosen on the basis 
of laboratory tests (performed up to 1936 and 1937) of cubes of frozen 
soil in compression. The underestimation of these values is now 
generally known. Therefore, when new and more progressive standards 
were compiled in 1955 (N and TU 118-54), the computed strength of 
frozen soils was increased. However, even these new values contain 
a large reserve and can be increased as the data from the latest inves¬ 
tigations have shown; this is reflected by the values we recommended 
in Table 37. In Table 38, a comparison of the values of R used in N 
and TU 118-54, for frozen soils at 0 = -1.5C, and of the values we 
recommend is given. 

Again note the following differences in the design strengths we 
recommend (Table 37). In the standards, silty soils (i.e. soils having 
a content larger than 50% of particles ranging from 0.05 to 0.005 mm 
in size) are put into a separate group. Since siltiness is one of 
the inherent properties of permafrozen sandy-loam and loam soils, 
then for practical purposes one must use (in agreement with No. 4 of 
the standards) lower values of R for the majority of these soils. At 
the same time, experiments show that the bearing capacity of silty, 
sandy loams differs from that of silty loams. Hence in Table 37, 
we have not combined such soils into one group, but have kept them 
separate; Nos. 3 and 4 are related to silty, sandy loams and to 
silty loams. Taking into account the circumstances recommended by 
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Table 38. Comparison of the values of R, kg/cm2 

Experiment 
No. Soil 

Values of 
N and TU- 
118-54* 

Values recommended 
by the Author'*' 

1 
2 
3 
4 
5 

Sand 
Sandy loam 

Loam 
Silty soils 

Soils with ice layers 

4.5-5.0 
4.0 
3.5 
3.0 
2.5 

10.0 
6.0 
5.0 

4.0 

the author, the values of the design strengths turned out to be 1,5 
to 2 times larger than in N and TU 118-54. 

The validity of the increased values of the strength of frozen 
soils is verified also by the experiments of other investigators, in 
particular by those of the Yakutsk Permafrost Scientific Research 
Station (YaNIMS), conducted according to the method of N. A. Tsytovich 
and S. S. Vialov (Votyakov, 1955). The values of the design strengths 
chosen, at the suggestion of YaNIMS, as the standards for construction 
in Yakutya**, are in good agreement with the data in Table 37. 

The introduction of new and increased values of the design 
strengths given in Table 37 simplifies significantly the construction 
of foundations on frozen soils, and has an extremely appreciable 
result economically. Note that the values of the design strength 
quoted in Table 37, especially in relation to soils with ice layers, 
are approximate and do not completely exhaust the strength resources 
of frozen soil. Through a practical oheck, and by means of the 
accumulation of experimental data, these values can be made more 
precise. 

Thus, calculations for foundations on frozen soils must be 
carried out as follows: 

(1) by means of the limiting long-term strength in the case of 
frozen soils with a low temperature (the so-called "hard frozen" 
soils) 

(2) By means of the limiting long-term strength and of the lim¬ 
iting deformation in the case of "plastic-frozen" soils. 

In addition, one must treat frozen soils with a relatively high 
temperature (up to -0.5C to -0.7C), salt soils, etc, as plastic-frozen 

* When taking into account simultaneously the action of the dead and 
live loads, the values of R are increased by a factor of 1.2. 

t The sandy loams and loams are silty. 

** Report by P. I. Melnikov on Interdepartmental Conferences No. VII 
(March 1956) on permafrost investigations. 
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when their long-term cohesion is less than 1.0 to 0.9 kg/cm*, or when 
their 2 hr cohesion is less than 1.5 kg/cm^. 

Calculations by means of the limiting long-term strength are 
valid, if the pressure from the code load does not exceed the design 
strength R (permissible pressure) under the base of the footing; in 
addition, one may calculate the uplift effect of the adfreezing forces 
of the soil on the lateral surface of the footing by, N i !<•#• + kR^F, 
where N is the code load in kg, and R is the design strength of the 
soil under the base of the footing in kg/cm2. It is determined from 
Table 37, and for plastic-frozen.soil with a temperature higher than 
-0.5C, as well as for salt and damp soils, it is determined by exper¬ 
iment. For approximate calculations it is determined by the code 
value of R for unfrozen soils, depending upon the actual physical 
condition of the plastic-frozen soils. -Sjj is the limiting long-term 
adfreeze strength of the soil (in kg/cnr) with the lateral surface 
of the foundation; its values will be «riven later (Table 47). i is 
the area of the base of the footing in cm2; F is the minimum area in 
cm2 of the lateral adfreezing surface of the soil and foundation on 
which shearing of the soil can arise: this area is determined bv 
taking into account the maximum depth of the upper boundary of frozen 
soil, computed before the time of construction, k is the uniformity 
coefficient (adding to safety) which can be chosen equal to 0.7. 

When one designs a foundation on such soils by the limiting 
deformation method, the settlement of plastic-frozen soil can be 
determined by the standard methods of Soil Mechanics on the basis of 
experimental determination of the modulus of compressibility E0, or 
on the basis of the coefficient of compressibility a0 (section 2, 
Chapter IV). The settlement can be determined by the method of 
equivalent layers (Tsytovich 1951, 1958), using the formula: s = 
hsaomPo' where s is the computed settlement (in cm) lender the center 
of the footing; p0 is the average pressure (in kg/cm“) on the soil 
under the footing, after subtracting the existing natural pressure; 
aom t^ie avera9e corrected coefficient of compressibility in cm2/kq; 
hg = bAu is the thickness of the equivalent layer (in cm), depending 
uoon the width of the footing b and upon the coefficient Au. The 
values of the latter, depending 
between the width and the length 

UP< 

I 
on the Poisson ratio and the ratio 
of the foundation, arc given in 

Soil Mechanics treatises (Tsytovich, 1957, 1958). In particular, for 
frozen soils one can take £=1-2-3-5- 10: 

(1) for flexible foundations, Au * 1.5 - 2.16 - 2.51 - 2.96 - 
3.6, respectively; 

(2) for rigid foundations, A^ = 1.24 - 1.72 - 2.01 - 3.0, respcc 
tively. 

The value of aom is computed by means of the following formula, 

n 

a = ) a -h-z. om oí i i 
2h 1 s -1 

where n is the number of compressible layers under the foundation. 
The compressibility of the soils is computed" only up to the depth at 
which the pressure of the foundation equals 20% of the weight of the 
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overlying soil (existing pressure). hi is the thickness of the layer 
(cm) under consideration; zi is the distance from the center of the 
layer examined, to a depth of 2hs (in cm). a0i is the reduced coef¬ 
ficient of compressibility of each layer i of frozen soil, depending 
on the temperature, and upon the actual pressure; a0i = where e 

is the relative compression, and pi is the additional (excess over 
the actual) pressure acting in the middle of the layer examined. The 
value of Pi is determined by well-known Soil Mechanics methods,- the 
value of e is determined from compression tests at various temperatures 
and pressures (section 2, Chapter IV). Some values of e are given in 
Table 21. Since e depends upon the temperature of the soil, for the 
calculations of a0¿, one must determine the temperature distribution 
throughout the depth of the compressed stratum. 

Note also that in special cases, the values of R can be chosen 
equal to, or even somewhat larger than Piim, but one must then take 
creep-settlement into account. Design of the foundation must then be 
executed not from the stability condition, but from the condition of 
permissible rate of deformation, or from the condition of the permis¬ 
sible value of the settlement during a fixed time interval, e.g. the 
working-life of the structure, as for structural design based on 
creep. 
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CHAPTER IX. PRESSURE DISTRIBUTION IN FROZEN SOILS UNDER A FOOTING 

1. Survey 

It is well known that the curve of distribution of contact pressure 
at the base of a rigid footing in an ideally elastic medium has, accord¬ 
ing to the theoretical solution of Boussinesq-Sadovskiy, a so-called 
saddle shape (Figure 55a), which is described, for a two-dimensional 
circular footing, by the following equation: 

(70) 

where P is the total load (kg), r is the radius of 
the racTial polar coordinate of tîTe point examined. 

the footing, and £ is 

Figure 55. Diagram of the reaction pressure 
of unfrozen soils on a rigid footing at the 
soil surface, a. Theoretical. b,c. Actual 
(according to the experiments with sand of 
A. G. Rodshtein). 

However in real soils, infinitely large stresses cannot occur at 
the edge of the footing, as in the theoretical solution; hence in these 
regions, plastic deformations inevitably arise. The reaction-pressure 
diagrams change their aspect, according to the rate of growth of these 
deformations (Florin, 1948). Considerable attention has been devoted, 
in recent years, to the study of the actual stress distribution in soils 
(Rodshtein, 1950, 1951; Lipovetska, 1953; and others); however at 
present, nc complete understanding has been reached. 

Experiments with frozen soils were conducted for the first time by 
V. G. Berezantsev (1953), who measured the stresses at several depths 
below the base of the footing by means of "heat electro-tensometers" 
under laboratory conditions (models with a width of 4.5 cm). To our 
knowledge, the determination of the reaction pressures for fx-ozen soils 
under the base of a footing has not been obtained up to now. Results 
of such experiments with frozen soils, carried out under natural 
freezing conditions, are examined below. 

2. Experimental determination of the frozen soil reaction at the 
base of the rigid footing» 

In order to measure the stresses, we used the electro-tensometer 
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gauge* system of A. G. Rodshtein (Institute of VODGEO), with a recording 
device in the form of a balancing bridge with a galvanometer having a 
sensitivity of 10"9. It is well-known that gauges of this type are 
built on the principle of the measurement of extremely small mechanical 
strains in electric units. The gauge is used as a steel shell with a 
thin bottom (a membrane) on which an operating electro-tensometer made 
of a constantan wire having (in our case) a resistance of 200 ohms is 
cemented. Another electro-tensometer, fastened to a special membrane, 
serves to compensate for the temperature fluctuations in the circuit. 
Measurements of the stresses are performed by means of the recording 
(null method) of changes of the ohmic resistance caused by the longitu¬ 
dinal deformation of the active wire electro-tensometer when the membrane 
deflects. The above-mentioned equipment and the operational method 
appropriate for it are described in detail in the literature of A. G. 
Rodshtein (1950, 1951). Therefore, we shall not deal any further with 
these questions. Only note that we used these gauges with a membrane 
diameter of 28 mm and a thickness of 0.8 mm. The measurements were 
conducted with a precision of 0.05 kg/cm2. The cast-iron punch had a 
diameter of 50.5 cm; seven gauges were mounted on it, five main ones, and 
two for control purposes. On the whole, the apparatus manufactured by 
VODGEO functioned satisfactorily; however, there were a few shortcomings. 
In order for the apparatus to record small pressures with the necessary 
precision, the membrane must be sufficiently thin. But, in that case, 
for increased stresses, the deflection of the membrane became excessively 
large. In the soil under the gauge, ''unloading" crests were formed, 
etc. Therefore, for large stresses, a so-called "remainder" of the 
stresses occurred, i.e. the sum of the measured stresses turned out to 
be less than the value of the load applied to the stamp. For small loads, 
the agreement of the measured and total pressures was relatively satis¬ 
factory. As is well known, these shortcomings have also been observed 
by other investigators when testing unfrozen soils. 

The experiments for determination of the stresses were carried out 
in underground vaülts, with varved clay having ice layers (Figure 53) at 
a temperature of -0.6C. A punch, on which a load was applied increasing 
in steps from 1.25 kg/cm2 or 2.5 kg/cm2 to 15 kg/cm2, was operated by 
means of a jack. In the various experiments, each load was maintained 
for a time ranging from 30 min to 72 hr. The stresses were measured 
immediately after each increase of the load, and during the following 
time interval: altogether 12 tests were carried out. A description of 
the soil and of the experimental conditions was given in great detail 
in section 1 of Chapter VII. 

In unfrozen, sandy (compact) soij.s, when the punch is applied, the 
profiles of the reacting pressures change as the stresses grow from a 
two-humped saddle-shaped to a convex parabolic, and even to a peak 
shaped, curve, corresponding to the condition of limiting equilibrium of 
loose soil (Figure 55b,c.). This is in agreement with the experiments 
of A, G. Rodshtein (1950), as well as with the theoretical investigations 
of V. A. Florin (1948). The parabolic character of the curves was 
observed even for small stresses, if the sand was in a dense condition. 
In T. F. Lipovetska's experiments(1953), the parabolic curve was observed 
even for stresses in the sand measured far from the base of the punch 
(in all cases). A. G. Rodshtein observed a profile having a saddle shape 
close to the theoretical one only when the punch penetrated. 

? Electrical resistance strain gauge. 
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,.r_ The results of our experiments with frozen soils turned out to be 
different. When a punch was forced through the surface of the soil 
previously compressed by means of a 15 kg/cm2 load and levelled by 
means of a thin layer of dry sand, the reaction pressures were distri- 
buted in the following manner (Figure 56). For small and medium loads 
(in this experiment, the loads reached 5.0 to 7.5 kg/cm2), the profiles 

* two"hymPfd saddle-shaped contour, differing substantially from 
the theoretical solution for an ideally elastic medium (the theoretical 
profile is Shown in Figure 56 as a dotted line). As the load increased, 
the humps of the profile decreased, and its contour became saddle- 
shaped, resembling more and more the theoretical contour. Note that for 
all the loads, the ordinate of the actual curve under the center of the 
stamp was larger than the theoretical one, being 0.6 to 0.7 times the 
average pressure; according to formula (70) they should have equalled 
°z=o, p=o =0-5 pav 

This is explained by the decrease of stresses at the edge of the 
punch, in comparison with the theoretical solution. The small number 

Figure 56. Profiles of the reaction pressures 
of frozen soil under rigid punches for various 
loads. Varved clay, e»0.6C; punch d=50 cm, 
without load (experiment 6), (1) Average value 
of the stress, (2) theoretical contour of the 
curve (for an elastic medium), (3) actual contour, 

of gauges mounted on the punch does not allow the plotting of the pres¬ 
sure^ curves with sufficient accuracy. Hence, the profiles shown are 
provisional to a certain extent. However, the’variation of the profiles, 
partially characterized by the systematic change of the relation between 
the ordinate at the edges and at the center of the punch, is apparent 
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and definite enough from the dataa The load on the punches was 
increased until permanent deformations t and even progressive flow 
arose. However, in these cases, different profiles of the reacting 
pressure are not convex (as in the experiments with thawed sand), but 
saddle-shaped and fairly similar to the theoretical ones. 

a b c 
P-2,5 

Figure 57. Diagrams of the reaction pressures 
of frozen soils under various loads (p, kg/cm^) 
on the punch, a. Previously compressed soil. 
b. Strongly compressed soil (repeated test). 
c. Uncompressed soil. 

. Several unexpected results of thé experiments, differing from the 
existing data on the character of the redistribution of reactions with 
respect to the increase of the load, necessitated repeated tests. In 
all these tests, the punch was applied to the surface of the soil, but 
conditions of preparation of the foundation varied from preliminarily 
compressed to uncompressed soils, as well as from soils with a thin 
filling of sand to soils without it. It turned out that in the initial 
stage of the punching process, i.e, for small p, the above conditions 
influence, to a definite extent, the character of the distribution of 
the reacting pressures. The profiles shown in Figure 57a are the most 
typical. They are analogous to the ones in Figure 56* and correspond 
to the case of complete contact of the punch with the surface of the 
soil, with a preliminary 15 kg/cm? compression of the last load. For 
extensive compaction of the soil (which occurs for instance when 
reloading), the profile had a two-humped contour only during the loading. 
It began to assume a concave saddle shape, not only for large pressures 
(as in the first case), but even for moderate values of the load 
(Figure 57b). For tests without preliminary compression of the soil, 
the profiles had in some cases a character analogous to that of Figure 
57a} in other cases, they had a parabolic character for small loads, 
and a saddle-shape for large pressures (Figure 57c). Thus the type of 

* 1° 5f> » the so-called smoothed profiles are shown} their 
ordinate corresponds to half the sum of the streëses measured at 
two symmetrical points. In Figure 57, the actual contour of the 
diagram is shown. 
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Table 39. Value of the reaction pressures 
az=0 (kg/cm2)(for a moderate load on the punch, pav=15 kg/cnr) 

No. of 
the ex- Conditions of 
périment base soil 

preparation of the 
Distance from the center 
of the punch, cm 

0 10 12 

1 

9 

7 

5 

6 
8 

Without sand filling and without 
preliminary compression of soil 

Without sand filling, but with 
compression of twice the load 
15 kg/cm2 

With sand filling, but insigni¬ 
ficant compression (7.5 kg/cm2) 

With sand filling and with com¬ 
pression by a load of 15 kg/cm2 

The same 

L0.6 

7.7 

9.1 

9.3 

9.8 

10.5 

12.2 

10.1 

10.4 

11.8 
With sand filling, repeated test 

(i.e. very strongly compacted 
soil) 

9.0 9.8 

14.9 

18.1 

15.0 

18.5 

17.0 
16.8 

preparation of the foundation may influence the profile only in the 
initial stage of the loading; the distribution of reaction pressures, 
in the subsequent stages of the loading, is in all cases saddle-shaped 
and close to the theoretical distribution (Table 39), 

In our opinion, the results obtained from the tests are in good 
agreement with the above considerations, for the behavior of the 
strength of soils under punching, and can be explained precisely from 
these estimations. 

If a punch is placed on the surface of the soil, a local movement 
of the soil under the edges occurs even under the action of a small 
load. Consequently, the stresses at the edge take a value close to, 
or equal to, zero, and the stress diagram becomes two-humped instead 
of being saddle-shaped. The less the soil is compacted, the larger 
the influence of this movement, until a parabolic profile is obtained 
when loose contact of the punch with the surface of the foundation 
occurs. As the load increases, a strengthening of the soil occurs, i.e. 
a dense kernel starts to form under the stamps. The local push of the 
soil under the edges stops, and the stresses at the rim begin to grow; 
the diagram assumes a contour intermediate between a two-humped and a 
saddle-shaped curve. If the condition of limiting equilibrium is 
violated, for a further increase of the load, a bulging of the soil under 
the stamp occurs, and the profile of the reaction pressures takes a 
parabolic shape, as in the case of loose soils. It was shown earlier 
that in frozen soils, an expansion of the surrounding soil, due to the 
strengthened kernel, occurs rather than a bulging. We measured the 
stress precisely at the point of contact of the punch with the strength¬ 
ened kernel, which is in an almost elastic condition. In accordance 
with this condition, the distribution of the reaction pressures is 
close to the theoretical distribution. If one establishes even for 
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loose soils, conditions under which bulging is impossible, e.g. by 
burying the punch, then as A. 0. Rodshtein's experiments have shown, 
the profiles of the reaction pressures will also have in this case, a 
saddle shape rather than a parabolic shape. 

As is well known, the influence of a rigid 
punch ceases to be felt at a certain depth from 
the base. V. G. Berezantsev's experiments (1953) 
show that for small stresses (significantly 
smaller than the limiting stress), the profiles of 
the normal stresses in horizontal cross-sections, 
at depths equal to 0.5 d and 1.5 d of the punch, 
have a contour close to that given by the theory 
of elasticity, but differing somewhat from it 
numerically. 

In conclusion, let us consider the influence 
of the time factor on the distribution of 
reaction pressures. The measurement of the 
stresses for p=const, at various times during a 
72 hr period, have shown that no major change in 
the character of the distribution of pressures 
occurs (Figure 58). However, local redistributions 
of the stresses were noted, even though the 
general aspect of the profile was preserved. 
These redistributions are explained by the 
heterogeneity of the soil: at the points where 
the soil is denser, the reactions grow only until 
warping occurs; after that, the reactions are 
redistributed. In this respect, the influence of 
ice layers is particularly important, since they offer, at first, a 
large resistance to punching, and then secondly they become distorted. 

In several experiments, a tendency of the stresses to grow with 
time was noted, particularly in comparison with the initial values 
(after the application of significant loads). 

5 min 

30 min 

1 hr 

2 hr MJslJ/ 
4 hr 

8 hr ÜTC7 
24 hr 'OTU 
48 hr 
72 hr 

Figure 58. Variation 
of the reaction 
pressures with time. 
p= 5.0 kg/crrr = const. 
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PART III. RESISTANCE OF PILE FOUNDATIONS IN FROZEN SOIL 

CHAPTER X. BEHAVIOR OF PILES IN FROZEN SOILS 

1. General principles 

Pile foundations receive more and more use in the construction of 
buildings on permafrost (permanently-frozen) soil. The use of piles 
significantly simplifies foundations engineering, since with them 
expensive excavation work is eliminated, a year-round cycle of production 
is guaranteed, and the opportunity for broad use of mechanized equip¬ 
ment is made available. In addition, with a pile foundation greater 
reliability is guaranteed (in comparison with ordinary foundations) in 
case of an unexpected drop of the upper boundary of the permafrost. 

It is possible to view piles driven into frozen soil as frozen 
columnar foundations, whose load is transferred to some volume of the 
surrounding soil, which is joined with the surface of the piles by the 
forces of adhesion (adfreezing). Calculation of such piles should make 
use of the limiting conditions, with regard to the relaxation properties 
of frozen soil«. Before the emergence of the limiting condition, the 
stress on the pile is absorbed by the adfreeze forces of the soil with 
the lateral surface of the pile, and deformations are caused, basically, 
by the compression of low-lying layers; these deformations for soil 
with a temperature_lower than -0.5C to -0.7C are exceedingly small. It 
is possible to avoid taking them into account in actual design. The 
only exceptions are with plastic frozen soils having a temperature 
higher than -0,5C to -0.7C, for which, as we have already said, verifi¬ 
cation according to the maximum deformations should be made. 

The state of limiting equilibrium corresponds to the attainment of 
adequate long-term resistance of the soil to displacement along the 
lateral surface of the pile and the long-term resistance of the soil 
under its point. Disturbing the limiting equilibrium causes a separation 
of the pile from the surrounding soil and its displacement, with the 
transmission of excess load onto the soil under the point. As a result, 
visco-plastic flow of soil occurs causing a continuous settlement of the 
pile, i.e. its unbroken sinking into the soil as into a viscous medium. 

These problems will be examined in greater detail later on; here 
we will observe that the limiting load on a pile embedded in frozen soil 
Plim» i.e* the load in excess of which the phenomena pointed out above 
are caused, can be expressed by: 

P - T + P 
lim lim Klim’ 

where is the limiting resistance of 
lateral surface of the pile, and J*, is 
soil under the point of the pile. 

(71) 

the soil to displacement along the 
the limiting resistance of the 

In order to locate the components T and _R, it is necessary to know 
the distribution of stresses in the soiT around the pile. The resistance 
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along the lateral surface of a single pile in unfrozen soil is caused 
by the forces of friction, 

1 
(72) dz T 

fr 

which arise as a result of the pressure of the pile against the soil, 
and which depends on the coefficient of friction (?) and the iragnitude 
of the horizontal pressure, = ?. A great deal of work has been 
devoted to the problem of the character of the distribution of x along 
the length of the pile (in unfrozen soil); however, this problem has 
as yet not been solved. 

In frozen soil the resistance along the lateral surface of the 
piles (driven with steaming) is caused chiefly by the forces of 
adhesion of the soil which is being frozen to the piles (Chapter III). 
The problems of the character of distribution and of the magnitude of 
the stresses which have been pointed out is still more complicatedy 
since it is combined with the necessity of calculating the rheological 
processes which occur in frozen soil.* 

In view of the absence of data and the generally unexplored 
character of the problem today, it is possible to employ a simplified 
plan, evaluating the bearing capacity of the piles just as is done for 
non-frozen soil, according to the total resistance of the piles to the 
loads. In this case, it is possible to get the values _T_ anfi ¿ from the 
parallel tests of the piles for pressing-down and pulling-out ;. as a 
result, the total limiting stress on the pile and the resistance 
along the lateral surface _T are correspondingly determined. The 
resistance of the soil under the point is determined by the difference 
R = p.. - T. It is conditionally possible to refer the magnitude T_ 
to a unit of area of the lateral surface of the pile, which corresponds 
to the mean (for the length of the pile) value of the strength of. 
adfreezing; the magnitude R may be conditionally referred to a unit of 
area of the cross-section, which corresponds to the mean reaction 
pressure of the soil under the point. The correlation between T^ and R 
depends on the size of the pile, the magnitude of the load, andthe 
time of its action. Since it is necessary to make a calculation of the 
piles at the limiting state, the long-term values T^j,, and R^^i i.e. 
the values corresponding to the emergence of the visco-plastic flow, 
are of interest. The problem of the bearing capacity of.pile foundations 
in frozen soil is examined below, proceeding from the principles of 
the theory of rheology which were presented in the first part of the 
present work. 

2, Conditions for conducting field tests 

Experimental investigations were carried on from 1951 to 1953 and 
consisted of experimental driving of piles by different methods and 

^ Interesting investigations with the help of electro-tensometry on the 
problem that we have pointed out have been begun by my scientific, 
colleague, K. E. Egerev (1958), at the Permafrost Institute; prelim¬ 
inary data give evidence that less than limiting tangential stresses 
are distributed over the length of the pile according to some non-, 
linear law, while the character of their distribution changes in time. 
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testing these piles by static loads for prolonged resistance to pressing- 
down and pulling-out. In the organization and conducting of the experi¬ 
mental work, which was carried out together with the Igarskiy Permafrost 
Research Station and the Northern Exploration Project Expedition GUSMP 
under the general leadership of the author, scientific colleague S. G. 
Tsvetkova of the INIMS, research worker N. E. Fedotov, and colleagues 
of the SPIE, engineers P. N. Pavlov and S. I. Ostrozhenko, observer V. E. 
Petrukhin and others, took part.* Driving the piles was accomplished 
in four sections, three of which (sections la, lb, 1c) were distributed 
in the territory of the research station, and the fourth (section 2) 
beyond its limits. In this situation each of the sections had different 
frozen-ground conditions. 

Section la, on which the greatest number of piles (no. 1 to 12 and 
no. 14 to 25) is driven, is characterized by considerable variations 
of depths to the upper surface of permafrost (from 1.2 to 3.5 m), as 
well as of values of the temperature of this permafrost (from -0.1C to 
-2C). This is caused by differences in snow accumulation in this area. 
The variation in the temperature of the soil within the limits of one 
area permitted us to demonstrate the effect of this factor on the 
bearing capacity of the piles. The soil of the section within the 
limits of the depth of driving of the piles has silty, blanketing clayey 
soil (light) and sandy loam (heavy). This soil, as we have already 
observed, possesses an increased siltiness (65 to 75%) and plasticity 
(in light argillaceous loam Wn = 12 to 14, in heavy sandy loam Wn = 10 
to 13). Thus, if we wish to classify the soil by the plasticity index, 
then most of the heavy sandy Ibam should be called argillaceous. The 
soils possessed no observed ice inclusions. The total moisture content 
of this soil varies from 25 to 35%. 

Section lb, in which piles no. 26 to 34 are driven, is characterized 
by the presence of "non-fusing frozen ground", whose upper surface 
lies at a depth of 2.5 to 2.6 mj the temperature of the soil of the 
frozen stratum is from OC to -0.2C. The soil is silty, light, and 
argillaceous; under this layer, from a depth of 5 m, is a heavy and 
light sandy loam. The plasticity index of the argillaceous loam is 7 
to 14, of the sandy loam 5 to 9, Ice inclusions in the form of segre¬ 
gations are observed only at lower levels. The total moisture content 
varies from 25 to 40%. 

Section 1c, in which piles no. 13 and nos. 35 to 41 are driven, 
is distinguished by the presence of ice-saturated soil which is 
represented by silty, heavy argillaceous loam (clay fraction 29%); 
this graduates into varved clay. The plasticity indèx of this 
argillaceous soil is 18 to 23. Ice inclusions are contained in the 
form of solid intercalations with a thickness of from 5 to 8 cm 
alternating with the layers of mineral soil. The total moisture 
content of the whole stratum within the limits of the depth of driving 
of the piles is 65 to 100%, Büt the moisture content of the mineral 

* Simultaneously, as an independent part of the operation, S. G. 
Tsvetkova conducted an investigation of the temperature regime of 
the soil around the piles which were being driven with the help of 
steaming; the results of these investigations were presented in the 
work of S. G. Tsvetkova (1953, 1954). 
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layers equals 42%.* The temperature of the soil varies between -0,5C 
and -0.7C. 

Section 2, which has piles nos. 1 to 34, is composed of heavy and 
light sandy loam with inclusions (at a depth of 3.5 to 5 m) of gravel 
and pebbles, which compose up to 20% of the contents. The siltiness 
of the soil of this area is somewhat less than that of the soil of the 
sections examined above; it is on the average 40% for sandy loam and 
50% for argillaceous soil. Correspondingly the plasticity index equals 
5 to ?, and only in rare cases does it go up to 14, In the soil, ice 
layers are encountered, but their thickness is small (from 1 to 7 m? 
and rarely from 10 to 15 mm). The total moisture content of the soil 
is from 30 to 45%. The temperature of the soil (at a depth of 3 to 
4 m) varies between -0.7C and -1.4C, but in individual places it rises 
to -0.3C. The depth of the summer thawing is 1.5 m. The average data 
concerning the mechanical composition of the soil of the sections being 
investigated are presented in Table 40. 

In order to explain the effect of the method of emplacement of 
piles on their bearing capacity, the piles in our experiments were 
driven by different methods: 

(1) with preliminary steaming of the soil, with the diameter of 
the thawed zone ("hole") greater than the diameter of the pile; the 
pile itself was placed (embedded) by hand; 

(2) with temporary steaming of the soil, while the diameter of 
the thawed zone ("hole") was less than the diameter of the pile; the 
pile was driven with the help of a pile driver; 

(3) with preliminary drilling of the hole and with driving the 
piles with a pile driver. 

The essence of the first method, which is described in sufficient 
detail in the literature (Bykov, lïj40; Liverovskiy, 1941; Lukin, 1952 ; 
Tsvetkova, 1953, 1954, etc.), lies, as is well known, in the fact that 
the frozen soil is thawed and liquefied with the help of steam fed 
under pressure through a so-called steam point. As a result, the free 
embedding of the pile is ensured; after some time, the liquefied soil 
mass freezes and the pile is frozen into the soil. 

The diameter of the zone of steaming in our experiments exceeded 
the diameter of the piles by 5 to 10 cm, and in individual cases even 
up to 20 cm. The period of steaming, depending on the type of soil 
and its temperature, ranged from 30 min to 2.5 hr. 

As the investigations of S. G. Tsvetkova showed (1953, 1954), the 
period of freeze-back of the steamed soil (the transition of the chief 

* Let us recall "that, under the total moisture content wc we are 
considering (Pchelintsev, 1954) the overall content in percent for 
the dry weight of ice inclusions, ice cement and unfrozen water; 
under the moisture content of the mineral layers wy^we are consid¬ 
ering the content of the ice-cement and the visible ice inclusions 
c; »-he difference - w^ = w¿nci determines the content of the ice 
inclusions in the soil. 
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Table 40. Mechanical gradation of the 
soils in locations ot driven piles 

No. 
of 
the 
sec- 
tior 

Soil 

i 

Sand 
more than 

0.05 mm 

Silt 
.05-0.006 

Clay 
less than 
0,005 mm 

av max min 
Î 1 
av max min av max min 

la. Sandy loam heavy, silty 
Argillaceous loam light, silty 
Argillaceous loam heavy, silty 

20 
14 
2 

30 
21 

11 
9 

72 
75 
70 

84 
82 

62 
67 

8 
12 
28 

9 
14 

5 
10 

lb. Sandy loam light, silty 
Sandy loam heavy, silty 
Argillaceous loam, light silty 

30 
38 
35 — 

— 65 
52 
54 -- 

— 5 
10 
11 
— 

— 

1c. Argillaceous loam light, silty 
Argillaceous loam heavy, silty 
Clay, silty 

2 
1 
5 

3.5 0 
85 
76 
63 

84 70 
13 
23 
32 

29 17 

2 Sandy loam light 
Sandy loam heavy, silty 

including gravel (1 to 21%) 

55 

35 

66 

47 

36 

20 

39 

53 

46 

70 

30 

37 

4 

7.5 

6 

10 

3 

6 

part of the water into ice) was from 20 to 30 days with the temperature 
surrounding the frozen stratum from -0.8C to -1C, and from 2 to 3 
months with 6=-0,2C to -0.5C, But the period of full restoration of 
the temperature character of the soil ranges from 1 to 4 months. In 
the conditions of Yakutsk (6 = -7,50, the period of adfreezing, according 
to the data of G. 0. Lukin (1952), is considerably decreased. The case 
is somewhat different in the presence of so-called non-fusing freezing, 
When a layer of winter freezing does not interlock with the upper sur¬ 
face of the frozen stratum. Since the temperature of such a stratum is 
from -0C to -0.2C, the freeze-back of the soil after steaming occurs aftaran 
exceedingly long period (8 months and more), and may even not occur at 
all. 

In the cases that have been pointed out, an exceedingly effective 
method is the use of hollow (metal or reinforced concrete) piles with 
artificial cooling by means of flooding with brine or circulation of 
outside cold air. Experimental driving of such a pile (of 160 mm metal 
pipe) showed that for a temperature of the frozen soil from -0.2C to 
-0.4C flooded with brine (8 = -120, freezing of the steamed soil was 
assured even within a week. 

As is well known, loading the piles, which are driven with the help 
of steaming, can be accomplished only after the thawed.soil is frozen 
with the pile. But in this case, we should take into account the 
possible heaving of the piles in the process of freezing of the steamed 
soil, if driving was carried out in autumn or winter. To avoid such 
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heaving of the pile, we should make the steamed zone deeper and also 
accomplish, partial loading of the piles after driving, taking at the 
same time general measures for decreasing the forces of heaving. 

In driving the pilas with a pile driver with preliminary temporary 
steaming, the diam of the steamed holes f depanrHlnp r>n 1-ha -t-pmpcnái-nwo 
and type of soil, was taken as equal to 0.6 to 0.9 times the diameter 
of the pile. The process of steaming took in this case 20 to 40 min. 
For driving, an ordinary pile driver with an electric hoist and a 
suspended hammer (660 kg) were used. The piles did not have shoes 
(except in those cases of driving into grrvel soil). The driving was 
accomplished rather easily. Piles were especially easily driven into 
soil having a temperature near 0C and not having ice lenses. 

Driving the piles into the drilled holes was accomplished with the 
same pile driver. The drilling of the hole was accomplished by the 
usual drill assembly. Piles were easily driven into plastic soil where 
the ratio of the diameter of the hole to the diameter of the pile was 
0.7 to 0.9, It is extremely curious that we succeeded in driving piles 
immediately into the frozen stratum without any steaming or drilling of 
holes when we worked with plastic sandy clayey loam witn a temperature 
about -0.1C (without ice layers). Driving piles (with shoes) into the 
designated soil can be compared in complexity to driving into unfrozen 
soil of tight plastic or hard consistency. Thus, for example, the set 
of the pile (from the last blows) was 0.75 cm with a hammer drop of 1 m. 

, ^ significant that the determination of the maximum stress on 
piles driven into the frozen ground, with respect to the size of the 
failure load (a dynamic test), does not give reliable results. For 
example, with calculations according to the well-known Gersevanov form¬ 
ula, we find that the maximum load on piles driven immediately into a 
permafrost stratum should equal 15 to 18 T. In fact, however, this 
stress, as the result of lonp static tests showed, turned out to be 
equal to 5 to 8 T, Such a discrepancy is explained by the relaxation 
properties of frozen soil, the long-term resistance of which is signi¬ 
ficantly less than the resistance to rapid loading. 

In view of the necessity for using rather large loads for static 
tests of piles and the absence of special loading devices, it was 
necessary to limit the size of the piles to 15 to 22 cm in diam. The 
depth of driving of the piles was from 4 to 6 m, depending on the depth 
of the frozen stratum. With the object of eliminating the effect of 
the layer of seasonal freezing and thawing, the soil of this layer was 
dug up after driving, but subsequently the pits were filled with sawdust 
with the installation of clay waterproofing. In addition to this, the 
surface of the piles at the limits of the pit were greased with 
technical vaseline, and bindings were placed on the upper part of the 
piles. In order to preserve a constant temperature of the frozen soil, 
the surface of the soil around the piles was insulated by a layer of 
sawdust (75 cm), and winter snow was not removed from the surfaces. In 
these conditions, as experiments showed, the temperature of the frozen 
soil in the limits of the working length of the piles changed almost 
not at all in the process of the tests. But on one of the sections 
(no, 2), tests were conducted with the intention of studying the behavior 
of the piles under a varying temperature. Therefore, on the designated 
area the insulation at the surface of the soil was not installed. 
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The load on the piles was transferred by levers. Tn tests for 
pressing-down, these levers are made fast to anchors (metal pipes with 
welded "jags") sunk 10 to 15 m. But in the pull-out tests, the support 
was a standpipe sunk into the soil 0.5 to 1.0 m. For recording the 
deformations, we used dial indicators (0.0] mm) fastened to pipe sup¬ 
ports sunk 2 to 3 m into the frozen soil. In addition, a control 
levelling was conducted (twice a month). Temperature observations 
were made with the help of thermocouples mounted on the body of the 
pile. In addition, for the purpose of temperature control there were 
established thermometer openings in which measurements were made with 
mercury thermometers. 

Analogously to the laboratory experiments described in Chapter III, 
tests were conducted under constant loads as well as under gradually 
increasing loads. In the first case, different pulling-out loads were 
applied to several piles which were driven into identical soils, 
beginning with the load causing instantaneous pulling-out (in practice 
the loading continued 10 to 20 min), and ending with the long-term load. 
In the second case, the load on the given pile was increased gradually 
up to the start of continuous flow. The majority of tests were prolonged 
from several months to a year and more. 

3. On the nature of the resistance of frozen soil to displacement 
along the lateral surface of the pile 

In placing the piles by hand into steamed holes, whose diameter is 
greater than the diameter of ihe piles (Figure i>ya), the strength of 
embedment is basically ensured by the adhesion between the frozen soil 
and the surface of the pile. In addition, with the method of driving 
being examined there develops in the soil a frictional resistance 
caused by the lateral pressure of the frozen soil under the effect of 
its own weight and the pressure arising as a result of the volumetric 
change of water as it freezes. 

The total magnitude of adhesion and friction which causes the 
resistance to displacement along the lateral surface of the piles (the 
adfreeze strength) depends first of all on the temperature and the type 
of soil (see Chapter III); but the measured effects on the magnitude of 
this resistance and especially of its principal component adhesion shows 
the moisture pattern in the soil around the pile. The initial moisture 
content of the soil thawed by means of an open steam point becomes, as 
a result of the additional humidifying by the steam condensate, extremely 
high (from 50 to 120% and more), as is well known. Howsver, during the 
freezing of steamed soil, this moisture content, as was shown by S. G. 
Tsvetkova (1953, 1954) on the basis of a large number of actual 
observations, sharply decreases, since as a result of the migration of 
water to the cold front, the surplus of moisture content is diverted to 
the periphery, and the layer of soil adjoining the pile is dehydra'ted* 
In fact, the moisture content (w) of this layer becomes significantly 
less than the initial moisture content (w¿), approaching a definite limit, 
i.e. the natural moisture content of the mineral layers (wmn) of the 
surrounding unbroken permafrost stratum. 

The redistribution of moisture around the piles is graphically 
illustrated by Figure 60, from which it is evident that the greater the 
initial moisture content of the steamed soil-mass, the greater was the 
quantity of water that traveled to the boundary of the hole. The final 
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Figure 59. Cross-sections of soil along piles 
placed in frozen soil by different methods, a) By 
hand into a steamed holetof diameter greater than 
the pile diameterj the steaming zone is clearly 

visible, b) With the pile driven into the steamed hole, of diameter 
smaller than the pile diameters the steaming zona is visible beneath the 
point of the pile; around the surface of the pile is visible a layer of 
soil which has been pressed out. c) With a pile driven into a 
holes around the surface of the pile are visible deformations 
and ice layers.

drilled 
of the soil
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content of the steamed soil equalled: a) 80%; b) 110%, c) 145%
(the piles are 35 mm in diam).

moisture content of the frozen soil turned out to be approximately the 
same and close to w,^ = 40 to 45%.
Initial moisture content, % ... 80 110

Final moisture content, % .... 40 46

145 155

50 46

160 260 
51 46

It is significant that the amount (36%t of non-frozen water in the 
steamed, and on the other hand, frozen soil around the piles is approxi-
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C1UfI?tity of this water in the surroundine perma¬ 
frost stratum (3b O; this agrees well with existing id-as concerning 

lac- °f d?Pendence the content of the liquid phaseE0f 
water in soil on iis moisture content and texture. 

. An°ther interesting problem is whether the magnitude of the initial 
^ffeCtS the adfreeze strength of fhe soil witS piles. 

ïnL 3 a laboratory tests for pulling out piles frozen into sandy 
loam soil unde- gradually increasing loads are the following: 

Initial moisture content, (%).40 65 90 
Final moisture content. (%).34 34 33 
Failure stress, (kg/cm2).[ 0.9 0#fi 1#0 

Tests for pulling-out under constant stress x=0.8 kg/cm2 (the soil 
is varved clay) showed the following: 

Initial moisture content, (%).. 95 un 130 
Final moisture content, (%).. 57 60 6Q 
Period within which the pile was 

pulled out (hr) 4g 7g 131 178 

From the data_which we have presented, it follows that with the 
increase of the initial moisture content of the soil-mass the adfreeze 
strength gr’ows somewhat. This evidently is explained by the fact that 
with an increase of the absolute content of water the forces of com¬ 
pressing the soil, which develop with the volumetric expansion of water 
as a result of its freezing, are increased. But if the initial moisture 
content is lowered very severely, then adfreezing of the soil with the 
pile cannot in general occur. Such a case occurred in one of the 
laboratory experiments with silty sandy loam (wr = 30%, e= -0.4C), when 
the initial moisture content was equal to 34% and the final moisture 
content was decreased up to 20%. On the other hand, an extreme increase 
°f moisture content leads to a lowering of the adfreeze strength. It 
should be observed that under natural conditions, when the boundary 
between the steamed and the unbroken soil (Figure 59a,b) is not as clear 
as in laboratory experiments, the influence of the initial moisture 
content of the steamed ground will be evidently of a smaller degree. 

* T!?e exerts substantial influence on the adfreeze streiglh 
Wlth plle? driven with the help of steaming. It is interesting 

that in our experiments the ice coating was detected not only in piles 
surrounded by steamed soil but also in piles driven by a pile driver 
into narrow, steamed holes (Figure 59, b). But in the first case the 
coating was unbroken and had a thickness from tenths of a millimeter to 
1 to 2 mm; in the second case the coating was broken and thinner. 

In order to evaluate the effect of the ice coating on the adfreeze 
strength we conducted contrasting tests for pulling out models of 
wooden piles, in one of which annular grooves were made, by which the 
shearing of soil on soil was ensured. Two other piles had smooth sur- 
faces, but one of them was dried and the other was saturated with water. 

wefe ??nd^CteN under gradually increasing loads with equal 

w -42 toe4q?1Sfi aS íryS -rí01' l0ad* SOÍ1 WaS clay * *¿ = 155%, 
to 49,* e-O.-C. The results of the tests showed that the piles 

having annular grooves had the greatest resistance. 
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Table 41. The effect on the adfreeze strength of grooves in the pile 

Type of pile. Period within which 
pulling-out occurred, 

hr. 

Stress under which 
pulling-out occurred 

kg/cm? 

Smooth, water saturated 
Smooth, air-dry 
With annular grooves 

820 
1008 
1230 

1.0 
1.2 
1.4 

This agrees well with the data of M. N. Goldshtein (1948), and con¬ 
firms the expediency of his recommendations concerning the installation 
on the piles of notches and grooves, the installation of shaped piles, 
etc. From Table 41, it also follows that the smallest stability of 
adfreezing occurred with the wetted pile. This is explained by the 
formation around such a pile of a thicker ice coating in comparison with 
the ice coating around the air-dry pile. The contradictory results 
received by I. S. Vologdina, N. A. Tsytovich, and others (Proceedings of 
the KOVH, 1936), i.e. the rise of the adfreeze strength for wetted piles, 
are explained by the fact that the designated results refer to tests with 
quick loading, since in that case the resistance of ice is high. However, 
the long-term strength of ice, on the contrary, is very small, hence the 
resistance of piles saturated by water to prolonged stresses is decreased. 

It is significant that the adfreeze bond between the frozen ground 
and the surface of the pile, once broken, is not fully reestablished. 
Thus, one of the piles driven with steaming was in the first test pulled 
out under a stress t=1•2 kg/cm^ in 63 hr. In a repeat test, however, 
conducted 13 days after the first one, this pile under the same stress 
was pulled out in just 2 hr 45 min, and in the third test (a day later) 

in 55 min. 

In driving piles with a pile driver into steamed holes of diameter 
smaller than t'he pile diameter (Figure 59,bJ, the role of the resistance 
of friction increases considerably. In the driving process, part of the 
liquefied soil-mass is pressed into the surrounding frozen soil radially 
compressing it. 

The question arises: will not the pressed-in layer of the steamed 
ground tum out to be so compressed and dehydrated that adfreezing with 
the pile will not in general occur? Our experiments shewed that with the 
temperature lower than -0.2C these fears are unfounded: the final 
moisture content of the soil around the piles driven by such a method 
is less than in the case of the free embedment of piles in steamed holes 
of a larger diameter, but nevertheless, it is sufficiently high. The 
adfreezing uf the soil with the pile occurred fully in all cases, 
considerably more quickly than with the first method of driving. 

The resistance to displacement along the lateral surface of piles 
being driven (by a pile driver)_in_to_holes__dri^led in frozen soil (Figure 
50c) is ensured tasicairy by the forces of compression (friction). 
Placing a pile with a pile driver c >uses the displacement of the sides of 
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the drilled hole and forces the displaced soil into the surrounding 
frozen stratum. In this caset some layers of displaced soil thaw at 
the expense of converting part of the kinetic energy into heat. But 
pa¿rt of the energy of the blow is spent on breaking the structure of 
the soil i i.e. on irreversible deformations. Finallyj the portion of 
the energy causing elastic deformations becomes heat in the soil 
(Denisov, 1951), and if the pile were withdrawn from the soil immediately 
after driving, then the accumulated energy would be spent on the reduc¬ 
tion of the deformations, i.e. contraction of the hole. Since thepile 
in the soil hinders such reduction, then the initial stresses, acting 
on the soil itself and causing in it a weakening of structural and 
ice-cementing bonds, will relax, attaining after a fixed period some 
ver^' small value. This radial compression mobilizes friction forces 
that ensure the stability of the pile.* 

Observe that even with the present method of driving piles, in 
addition to the forces of friction, adhesion arises, although it plays 
a secondary role. The adhesion is caused by the adfreezing of the soil 
(thawed with the driving of the pile) to the layer bordering it. 

4. The relationship between the resistance of piles to loads and 
the method of placement 

The demonstration of dependence of the bearing capacity of the 
piles on the method of placing them is of great practical interest. A 
comparative evaluation of the resistance of soil to displacement along 
the lateral surface of the piles driven by a pile driver into drilled 
holes and by hand into the steamed holes of larger diameter was made in 
Chapter III (Table 19). These two methods are the limiting cases: in 
the first, friction plays the chief role in the resistance, and in the 
second, it is adhesion. But other, intermediate, methods of placing 
piles into frozen soil can occur. ror comparison, the author made 
pull-out tests (in the laboratory) on model piles placed in the following 
ways : 

1. Piles were driven into drilled holes,but the walls of these 
holes were thawed by an electric "needle" just before driving. 

2. The piles were driven into drilled holes of diameter 0.9 of 
the pile diameter. 

3. The piles were driven into drilled holes (with dj^^e/d ^ie = 0.9) 
filled with a soil mass, which was modelled after piles driven Sith a 
pile driver into steamed holes whose diameter was less than the diameter 
of the piles. 

4. The piles were driven into holes thawed by an electric needlej 
the diameter of these holes was somewhat less than the diameter of the 
piles. 

5. The piles were frozen into a soil-mass placed in holes whose 
diameter was greater than the diameter of the piles (^hole3^ mm anc^ 

* An analogous, although rather complicated phenomenon, will occur even 
with the method of driving piles with a pile driver into steamed 
holes of small diameter. 
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120 mm, and dDiies35 » which modelled the placement of piles by 
hand with steaming. 

The tests were conducted with silty argillaceous loam (experiment 
45) and with varved clay (experiment 41). The natural moisture content 
of these soils was, respectively, 43% and 40% (the clay did not have 
ice lasers); the physical and mechanical characteristics of the soils 
are presented in Table 1. The tests consisted of pulling out the 
models of the piles under loads applied "instantaneously", and under 
loads applied gradually, with the holding of each step during equal 
intervals of time, i.e. At=240 hr. In the last case, the stress under 
which rupture tr .^occurred was the provisional criterion of stability. 
The results of the tests are presented in Table 42. 

Table 42. Adfreeze strength of soil with piles 
driven by different methods 

Methods of 

Instantaneous loading 

rinst » k8/cm2 

Loading by steps, 

Trupt » kg/™2 

driving the 
piles Varved 

slay 
Silty 
argillaceous 
loam 

Varved 
clay 

Silty 
argillaceous 
loam 

Driven into drilled 
holes : 

The same with the 
thawing of the 
wall of the hole : 

Driven into the 
soil, thawed with 
an electric needle: 

Driven into holes 
filled with soil- 
masá; diameter of 
the holes less 
than the diam of 
the piles:* 

The same, the diam¬ 
eter of holes 
greater than the 
diameter of 
piles : * 

5.0 

4.1 

2.4 

2.75 

2.1 

3.3 

4.0 

3.25 

3.0 

2.8 

2.0-2.4 

2.0 

1.8 

1.2 

0,6-1.0 

1.8 

1.4 

1.8 

1.4 

1.2 

From the data presented in Table 42 and data previously examined 
(Table 19), it follows that piles driven by a pile driver into drilled 
holes exert the greatest resistance; piles driven by hand into steamed 
holes, whose diameter is greater than the diameter of the piles, exert 

* The inifiraT" moisture content of the soil-mass equalled: for clay 

120%, and for sandy loam 80%. 
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the least. For sandy loam and argillaceous soils, the long-term 
strength in the first case is 1.25 to 1.6 times greater than in the 
second. This shows that the forces of friction (compression), between 
the frozen soil and the pile with the appropriate diameter of the hole, 
turn out to be. greater than the forces of adhesion of the steamed, and 
subsequently frozen soil, particularly taking into account the weakening 
effect of the ice coating. It is natural that the resistance of the 
piles driven into the drilled holes will be greater since the diameter 
of the hole is smaller, and the frozen soil is more compact. Thus, for 
compact, varved clays the resistance of the driven piles turns out to 
be 2 to 4 times greater than the resistance of the frozen-in piles. 
The thawing of the walls of the holes, which is done to facilitate the 
driving of the piles, somewhat decreases the resistance of the piles to 
loads. This is explained by the lowering of the compressive forces, 
since the thawed layer of soil is solidified more easily than the frozen. 

The decrease of adfreeze strength is observed also in the driving 
of piles with preliminary thawing of the soil by electric neeciles, 
and also "closed" steam (without the escape of steam intothe soil) 
points. This decrease is explained not only by the lowering of the 
compressive forces, but also by strength characteristics of piles which 
were driven (by a pile driver) into steamed holes of diameter smaller 
than pile-diameter. With this method, just as in driving with the 
thawing of the electric needle, adhesion as well as friction arises in. 
the soil. The resistance of these piles is less than that of piles driven 
into drilled holes, but greater than that of piles "frozen" into steamed 
holes of greater diameter. Depending on the diameter of the hole and 
the compactness of the soil this increase is from 15% (argillaceous) to 
100% (compact va?ved clay). There are, however, cases when the 
adfreeze strength of the piles driven by a pile driver into holes of 
small size (steamed or drilled) is not greater than the strength of piles 
"frozen" into steamed soil. This can, for example, occur in soil con¬ 
taining many ice layers, since in such a case the ice contacts the sur¬ 
face of the pile and its long-term adfreeze strength is smaller than the 
adfreeze strength of the soil. In such soil, the installation of 
steamed holes whose diameter is greater than the diameter of the piles 
can be more expedient. 

The effect of the methods of emplacement strongly influences, 
particularly, the bearing capacity of piles driven into frozen ground 
with a high temperature (near 0C). Thus, we tested in field conditions 
four piles (d=22 cm) driven into sandy loam with a temperature from 
-0C to -0.2C (section l,b) by the following methods: (1) by hand, into 
a steamed hole with a diameter greater than 24 cm; (2) with a pile 
driver, into a steamed hole with a diameter of about 18 cmj (3) with 
a pile driver into a steamed hole with a diameter of 19 cm; (4) with a 
pile driver, immediately driving the pile into the frozen stratum. 

The tests, which were carried out within 4.5 months after place¬ 
ment, consisted of pulling out the piles under gradually increasing 
forces (T-0,1 kg/cmM 0.2 kg/cm2; 0.3 kg/cm2; and so on) with the 
holding of each phase for 20 days. As a result of the test, the rupture 
stress TrUDt* the time ¿ after which the rupture occurred, and the 
approximate limit of the" long-term adfreeze strength Tlt were deter¬ 
mined (Table 43). 

As is obvious, the long-term strength for the pile driven by hand 
with steaming was three times smaller than for the pile driven by the 
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Table 43. Adfreeze strength of the soil with the temperature 0 to -0.2¿? 
with piles driven by different methods 

Method of driving the piles t, hr 
Trupt 

kg/cm^ kg/cm 

Tlt 
2 

Driving by hand into steamed hole 
of larger diameters 

Driving with a pile driver into 
a steamed hole of smaller 
diameter: 

Driving with a pile driver into 
drilled holes 

Driving immediately into frozen 
soils 

688 

1400 

1460 

1610 

0.3 

0.5 

0.7 

0.7 

0.1 

0.15-0.2 

0.3 

0.35-0.4 

pile driver into the drilled hole. Such a great difference is explained 
by the fact that with the temperature of the frozen stratum near 0C, the 
steamed soil assumed the temperature 0C to -0.2C, but even after.4,5 
winter months it remained in a non-frozen state. It is interesting to 
compare the data presented in Table 43 with the standard values of the 
frictional resistance of non-frozen soil Tfr« According to "Technical 
Conditions" of the Ministry of Heavy Buildings I~ - 100 - 40 , this 
resistance equals: 

Sandy loam, depending on compactness 
Argillaceous and hard clay 
The same, plastic 
The same, in fluid condition 
Soft silt, depending on consistency 

0.1 -0.2 
0.3 -0.4 
0.15-0.2 
0.05-0.1 
0.0 -0,05 

kg/cm 
»I 

!» 

ft 

!» 

In comparison we should divide our data by a safety factor, for 
example k=1.5, since permissible, and not maximum values of Tfr have 
been presented in the standards. Then the values for the piles_ 
driven immediately into frozen soil and driven into drilled holes will 
be approximately equal to the frictional resistance of non-frozen soil 
which is, respectively, in hard, and plastic, states. But the 
resistance to adfreeze force for the pile driven by the pile driver into 
the steamed hole of small diameter corresponds to the frictional 
resistance of the non-frozen soil, which is in a state halfway between 
fluid and plastic; for the pile driven by hand into the steamed hole of 
large diam, it corresponds to the frictional resistance of non-frozen 
soil of fluid consistency. 

In conclusion, let us compare the advantages and disadvantages 
of the methods of driving piles. Driving piles by hand into steamed 
holes whose diameter is greater than the diameter of the piles is the 
simplest method from the operating point of view. The effectiveness of 
the designated method of driving increases in soil with a low tempera¬ 
ture, when the use of other methods is inconvenient. The same applies 
to the case of driving square (reinforced concrete) piles. However, 
this method has a number of disadvantages, among which are the decreased 
bearing capacity of the piles, the length of the process of adfreezing 
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of the steamed soil, the possibility of heave of the piles in this 
period, and so on. The presence of gravel inclusions seriously compli¬ 
cates hand driving. But in soil with a temperature that is high and 
close to OC, the use of this method is generally not permissible. 

Driving of piles with a pile driver into steamed holes is more 
expedient. In this case the time of adfreezing of the steamed soil is 
considerably shortened, and the reliability of sealing the piles in the 
soil and their bearing capacity are increased. The complexity of the 
process of driving the piles and the necessity of additional machinery 
(a pile driver) is compensated for by the shortening of the time of 
steaming and the general increase of work output. Driving piles into 
drilled holes is the most reliable method, ensuring at increased bearing 
capacity. However, this method involves additional complexities as 
related to the necessity of drilling holes. In addition, in the presence 
of soil with a low temperature the driving itself is inconvenient. If 
the soil has a comparatively high temperature, than this method is 
perhaps the only acceptable one. In soil with a low temperature the 
driving of piles can De performed in drilled holes sealed by a soil back- 
V1 j-and in thls case, the diameter of the hole becomes greater than 
the diameter of the pile. 
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CHAPTER XI. LIMITING LOAD CAPACITY OF PILES 

1. Pull-out tests on piles 

The laboratory tests for pressing-down the model piles described 
in Chapter III permitted us to propose general laws for the processes 
of deformation and resistance to'displacement of frozen soil along the 
lateral surface of the piles. However, as it follows from the condi¬ 
tion of similarity (section 6, Chapter III), the absolute values of 
the forces of resistance derived from these tests cannot be mechani¬ 
cally transposed to piles of real dimensions. Determining the real 
value of these forces demands correction by actual tests. The results 
of such tests, which consisted of determining the resistance of piles 
to pressing-down, are examined below. The field tests confirmed the 
general laws proposed according to the data of laboratory experiments. 
In quick loading, failure occurs as a result of the brittle breaking- 
away of the pile from the soil. The instantaneous resistance attains 
a comparatively high value (for example, Tinst, = 3.8 kg/cm2 at e=-0.8C), 
which, however, is less than in the laboratory experiments. This is 
explained on one hand by the slower loading (10 to 20 min) in comparison 
with the laboratory tests (5 to 30 sec), and on the other hand by the 
effect of the dimensions of the piles. In the prolonged action, the 
process of deformation has a visco-plastic character; the curves of 
creep with different constant stresses t- T (kg/cm2) and at a differ- 

Ttdl 6 
ent temperature of the soil are presented in Figure 61. With large 
values of the stresses (pile nos. 9, 11, 4), the curves of deformation, 
in distinction from similar curves for ideal visco-plastic bodies, are 
S-shaped, not concave. In this we see the effect of the ice coating*, 
since the similar character of curves reflecting continuous acceleration 
of the process of deformation is typical for ice; this we have dis¬ 
cussed previously. 

But with small values of the stresses (pile nos. 13, 20, 8), the 
curves take the form of ordinary creep curves, having a clearly 
expressed linear portion corresponding to the phase of the visco-plastic 
flow which has been established. The duration of this phase reaches 
2000 to 3000 hr and more. Nevertheless, some effect of the ice coat¬ 
ing which appeared in the presence of the large concave portion of the 
curve is seen in the present case. Observe that the bend of the creep 
curves begins with the deformations, composing in all 1.5 to 3% of the 
effective length of the pile, and consequently, the decrease of the 
area of adfreezing cannot be cited as the principal reason for the rise 
of the gradual flov; rate. 

The available results of the pull-out tests of piles under constant 
stresses are presented in Table 44, 

* These curves are derived iron tests of piles driven with steaming. 
For piles which are driven into drilled holes, the curves of 
deformation approach the ideal form; a comparison of the curves v/as 
presented in Figure 17. 
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Figure 61. Test for pulling-out piles driven by hand with 
steaming. Develop.^ent of deformations in the period under 
constant stresses: 
(1) T 
(2) T 
(3) T 
(4) T 
(5) T 
(6 ) T 

1.65 kg/cm , 
1.5 kg/cm2, 
1.2 kg/cm^, 
0.55 kg/cnr, 
0.4 kg/cm2, 
0.75 kg/cm2, 

6 = -0.8C (pile no. 9); 
0 = 1.8C (pile no. 11)j 
0 = -0.5C to 0.7C (pile no. 4); 
0 = 0.2C (pile no. 13); 
0 = -0.2C (pile no. 20); 
0 = -0.35C (pile no. 8). 

Table 44, Results of pull-out tests on piles under constant stresses 
driven by hand with steaming into sandy loam and 

Pile X 
no./ 
/Area 
/ no. 

Temperature 

°C 

Stress 
T 

kg/cm2 

Time during 
which the pile 
was pulled, hr 

Comment 

10/1 
1/2 
9/1 

11/1 
2/2 

-0.8 
-0.8 
-0.8 
-1.8 
-0.8 

3.8 
2.55 
1.65 
1.5 
1.25 

Instantaneous 
0.25 

10 
47 

993 

Approximate value of 
the long-term adfreeze, 
strength Tlt*1.0 k.g/cm‘ 

4/1 
7/2 
8/1 

-0.5-0.7 
-0,5-0.6 
-0.4 

1.2 
1.0 
0.75 

63 
11 

1520 

TIt^O * 6 kg/cm2 

5/1 
6/2 

13/1 
20/1 

-0.1 
-0.2 
-0.1-0.3 
-0.2 

1.05 
0.75 
0.55 
0.4 

Instantaneous 
113 

1306 
1720 

Tlt^0.3 kg/cm2 
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In addition to the tests under constant stresses, tests under 
gradually increasing stresses were also performed (Figur« 62), holding 
each phase during a sufficiently long period, i.e. up to several 
months and even up to a year, in order to establish the fact of 
transition from the attenuated deformation to the continuous one. Thus, 
pile no. 12 (argillaceous loam, 6=-0.1C to -0.20, when it was under 
a stress of 0.15 kg/cmz which acted during 380 hr, was not completely 
displaced. But with the increase of the stress to 0.25 kg/cnr, a 
continuously growing deformation arose. Although this deformation was 
developed with an exceedingly small rato, reaching 3.5 mm in all for 
2600 hr, the consistency of its rate serves as proof that with a longer 
time of action of the present stress the pile would have been pulled 
out. With subsequent increase of the stress up to 0.35 kg/cm2, the 
displacement of the pile occurred with continually increasing speed, 
and after 500 hr the pile was pulled out. In other cases, the transi¬ 
tion to the phase of gradual flow is expressed more sharply. Thus, 
pile no. 7 (sandy loam, 6=-0,3C) with a stress of 0.3 kg/cm2, which 
acted for 2950 hr, had in general no recorded displacement. With a 
stress of 0.5 kg/cm2 which acted for 3380 hr, there were displacements, 
but they were quickly stabilized. After the increase of the stress to 
0.7 kg/cnr, a rapid growth of the deformation began and after 75 hr the 
pile was pulled out. 

Above, we examined the results of field tests of piles with a 
comparatively constant temperature of the soil (which was achieved with 
the installation of insulation,). The study of the resistance of piles 
to pulling-out in conditions of variable negative temperature is of 
substantial interest. With a drop in temperature, the coefficient of 

(1) 
(2) 
(3) 

Data of pile test no. 
Data of pile test no. 
Data of pile test no. 

1 for 6 = -0.30; 
22 for 6=-0.1C to -0.2C; 
12 for 6=-0.1C to -0.2C. 

: 
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viscosity of the frozen soil increases, as is well known. Correspond¬ 
ingly, the speed of deformation will decrease. With some value of the 
temperature of the soil, therefore, the displacement of the pile can 
in general be discontinued. On the contrary, with a rise of the tempera¬ 
ture of the soil the speed of displacement of the pile increases, and 
the stabilized deformation can turn into a continuous deformation. 
Similarly , the changes of the character of deformation are graphically 
illustrated by Figure 63, in which curves of the displacement of the 
piles and curves of temperature changes of the soil are presented. For 
example, the tests on pile no. 3 (Graph 5, Figure 63) were begun early 
in December with the soil temperature -0.5C. Under a stress of 0,75 
kg/cm? there occurred a slow but continuous displacement of the pile 
which, however, sharply decreased with the drop of the temperature to 
-0.8C. Further sharp drop of the temperature to -1.4C led to a complete 
halt of the displacement (although t was raised to 1.1 kg/cm^jL The 
spring rise in soil temperature caused only an insignificant movement 
of the pile in the beginning. But after some time, with a continuing 
even rise of the temperature, a sharp intermittent increase of the 
displacement with subsequent intensive development resulted. After some 
more time, the process graduated into the phase of gradual flow and the 
pile was pulled out. 

The intermittent change of the speed of displacement of the piles 
with a rise of the temperature of the soil and the sharp change into 
the phase of failure are evidently not accidental phenomena, since they 
were observed in a number of pile tests. It is possible to assume that 
the rise of the soil temperature causes a gradual decrease of the 
adfreeze strength and a corresponding gradual change of the speed of 
displacement of the piles only, until the resistance of adfreezing 
becomes less than the applied tension. At this moment, there occurs 
a "disruption" of the pile and subsequent intensive displacement of it. 

In conclusion, we present the values of the maximum adfreeze 
strength of the soil with piles, derived from data of the field experi¬ 
ments examined above under constant as well as under gradually 
increasing stresses (Table 45). From a comparison of Tables 45 and 19 
it follows that the values derived from field tests are somewhat 
smaller than the values determined under laboratory conditions. Thus, 
in the first case for sandy, argillaceous loam (at e=-0,3C to -0.4C) 
11^=0.5 to 0,6 kg/cm^y and in the second case t^+=0.6 to 0.9 kg/cm^. 
The designated deviations are explained by the effect of the size of 
the piles, which we discussed previously in our examination of the 
conditions of similarity. 

2. Pile testing for resistance to penetration [Down loads] 

Let us examine first the results of laboratory experiments conduct¬ 
ed with the forms of the piles frozen into light silty argillaceous 
loam.* The experiments consisted of parallel tests for pressing-down 
and pulling-out these piles under constant, as well as increasing 
stresses. 

*—TÏÏT natural moisture content, undisturbed soil w=29%; the initial 
moisture content of the soil-backfill sealed into the hole w¿=86%; 
the final moisture content after adfreezing Wf=29%, the temperature 
of the soil is -0.4C.' See other characteristics of the soil in 
Table 1. 
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Figure 63. Test for pulling-out of piles driven by hand with 
steaming.' Development of deformations in time with variable 
soil temperature. (1), (2), (3), (4), (5), (6), (7), (8), (9), 
are respectively the data for pile nos. 2, 6, 7, 8, 3, 11, 12, 9, 
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Table 45. Values of long-term adfreeze strength of soil with piles 
driven by hand with steaming 

lempera- 
ture °C 

Moisture 
content, % 

tat- 
ural 

After 
adfreez 
ing 

It 

kg/cm 

3/2 

4/2 
2/2 
3/1 

3/2 

Silty clayey sand, and heavy 
silty sandy learn 

Heavy silty sandy loam 
Light silty sandy loam 
Light argillaceous, and 
heavy silty sandy, loam 
Silty clayey sand, and heavy 
sandy loam 

-1.0 
-0.9 
-0.9 

-0.8 

-0.7 

Gradually increasing stress 

33 
45 
33 

29 

33 

28 
25 

0.9 
0.8-0.9 
1.0 

27 0.9-1.0 

30 0.7 

4/2 

8/2 
12/2 
8/1 

7/1 
20/1 

12/1 

Silty, light, and heavy, 
sandy loam 

The same 
Light silty sandy loam 
Light argillaceous, and 
heavy silty, sandy loam 

Heavy silty sandy loam 
Light argillaceous, and 
heavy silty sandy loam 
Light silty argillaceous loan 

22/1 Heavy sandy loam, and light 
silty argillaceous loam 

-0.6 
-0.5 
-0.4 

45 
28 
40 

-0.3 to 33 
-0.4 
-0.3 29 

-0.2 41 
-0.1 to 26 
-0.2 

-0,1 to 
-0.2 

29 

25 0.7 
0.6-0. 
0.6 

28 0.6 

26 0.5 

25 
0.3 
0.2 

0.15 

7 

The results of the tests of the piles for pressing-down under 
constant stresses are presented in Figure 64 in the form of curves of 
development of the displacement settlement of the piles with time. 
Let us analyze the law of the process of the resistance of frozen soil 
to penetration by piles, proceeding from an examination of these 
curves. In loading a pile, the external stress is absorbed first only 
by the resistance of the soil along the lateral surface of the pile 
(the resistance of adfreezing), but the point of the pile does not 
take part in the operation. But in proportion to the relaxation of 
these lateral stresses, there occurs a gradual pressing-down of the 
point of the pile, and the soil under it begins to absorb part of the 
load. If the stress exceeds the maximum long-term adfreeze strength, 
then at a fixed moment, the weakened forces of resistance to displace¬ 
ment will be less than the acting tangential stresses and a "disruption" 
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of the pile in contact with the soil will occur. The designated 
moment is reflected by the inflexion of the curves of Figure 64, 
particularly, very clearly in the curve for t=2.0 kg/cm^. The 
further process of pressing-down is accompanied by the opening of the 
surrounding soil by the point and by the penetration of the pile in 
the soil, as in a visco-plastic medium. This process is reflected by 
the sharp fall in the curves s=^(t), i.e. it corresponds to the develop¬ 
ment of collapse. But if the stress is not very great, then the process 
of pressing-down is characterized by a continuous growth of the settle¬ 
ment with constant speed; this process corresponds to the phase of the 
established visco-plastic flow, which can last for an exceedingly long 
time. 

It is extremely significant that the curves of the development 
of settlement in time according to their character (but not according 
to absolute value) are analogous to the curves of creep in pulling-out 
piles, a fact which can be ascertained by comparing the curves of 
Figure 64 with those of Figure 16. Particularly interesting is the 
case in which even in pressing-down, when the area of adfreezing is not 
decreased, the phase of steady flow still merges into the phase of 
progressive flow. 

Laws analogous to those set forth above can be demonstrated also 
in tests under gradually increasing stresses (Figure 65). In the case 
of small loads, when the active tangential stresses are significantly 
less than the long-term adfreeze resistance, the displacement of the 
pile is exceedingly small and has a broken character. Corresponding to 
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+w^S,utíie P0*01 °f the Pile does not take part in the operation and 
the whole stress is absorbed by the soil along the lateral surface of 
the pile. In proportion to the rise of the stress and the increase 

settlement, a continually increasing part of the stress is diverted 
to the point. The maximum correlation between the forces of resistmce 
along the lateral surface of the pile and under its point will occur 
in a state of limiting equilibrium. 

Figure 65. The growth of settlement in pressing 
down a pile under load increasing by steps. The 
argillaceous loam is light and silty, the pile is 
"rozen, and 6=-0.4C (experiment 29), 

Before reaching this state, i.e. with P < P,. , the relation 
ïn ou? ®etti®ment and stress is described by the1power law analogous 
to (24) for the case of pulling-out the piles, 

P = A (|)< (73) 

The corresponding graphs for the data of the parallel tests for 
pressing-down and pulling-out are presented in ordinary and logarithmic 
coordinates in Figure 66; let s designate the settlement of thlpile 
in pressing-down, and A the displacement of the pile in pulling-out. 
With the increase of the stress value Plim, the settlement assumes a 
continuous character while formula (4071 which establishes the relatioi 
between the speed of this settlement and the excess stress, will assume 
tor the case of pressing-down the following form: 

— = i (P - P . )ß 
dt n' ' lim' (74) 

,u1F?r Pj;?stlc soil ß*l, and equation (74) takes a form analogous 
F^ure Presents graphs of the relation between the stress 

T-P/F and the speed of the relative displacement of the piles dY 

dt 
for 

the cases of pressing-down (7=s/d) and pulling-out (Y=A/d). 
Thus, laws of the processes of deformation in pressing-down piles and 

if luT OU^ î™ anai0f0US« thi! ßives evidence of the community 
laïîS °f.the resistance of frozen soil to stresses. But, of course, 

the absolute values of the determinations and of their speeds in 
pressing-down and pulling-out piles are different, since in the first 
case, the resistance of the soil is increased because of the nartici- 
pation of the point of thè pile in the operation. For example, in 



CHAPTER XI. LIMITING LOAD CAPACITY OF PILES 193 

pressing-down model piles the visco-plastic flow approached with a 
stress t=1.0 kg/cm?, but in pulling-out this phase corresponded to 
t=0.7 kg/cm^. Exactly in the same way the time after which the break 
occurred was greater (in identical stresses) in the case of pressing- 
down piles than in the case of pulling them out (Table 46), 

Figure 66. Relation between the deformation (relative) 
and the stress in (a) ordinary and (b) logarithmic 
coordinates . 
(1) Pressing-down piles (experiment 29); 
(2) pulling-out piles, (experiment 28), 

The effect of the resistance of the soil under the point of the 
pile reveals, of course, the magnitude of the parameters entering 
equations (73) and (74). The coefficient^ in pressing-down is 
greater than the same coefficient from formula (24) in pulling-out. 
But the coefficient of viscosity n, on the contrary, is in pressing- 
down less than in pulling-out; for the examples which have been 
examined (Figure 67), it is equal respectively to 1,4 x 10^ poise and 
6.2 x 10-1-^ poise (the speed of the deformation in the first case is 
less than in the second). From this point of view it is interesting 
to recall that in the installation of notches on the piles, when the 
effect of the ice coating is eliminated, the value n in pulling-out 
piles is also decreased (Figure 21); it reaches the values in pressing- 
down "frozen-in" piles. 

Let us pass on to an examination of the results of field tests of 
piles for pressing-down (Figure 68). Such tests were conducted with 
stepped loads with piles driven with steaming into sandy, argillaceous, 
and silty loam.* The tests of one pile (no. 1) were conducted under 
stresses of 0.7 to 0.85 to 0,1 kg/cm^ and continued 5.5 months. With 
t=0.7 kg/cm^ there occurred an exceedingly slow but, all the same, a 
continuous, growth of the settlement (0.04 mm per day), while it was 
characteristic that the steady phase of the process advanced after 1.5 
months. With a rise of the stress of 0.85 kg/cm^, the rate of defor¬ 
mation sharply increased (1 mm/day) and the magnitude of the settlement 

*' " The natural moisture content of the soil is 29 to 34%; the initial 
moisture content of' the steamed soil is 76%, the final (after 
adfreezing) is 28 to 31%. The temperature of the soil 0=-0.3C to 
-0.4C. 
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for 2 months reached 110 mm. The further rise of the stress to 1.0 
kg/cnr led to the appearance of collapsej in 40 hr the pile penetrated 
5 4 mm. 

Figure 67. Relation between the stress 
and the speed of the relative displace¬ 
ment of the piles. 

(1) In pressing-downj 
(2) in pulling-out. 

Analogous results were obtained in the test of pile no. 25. With 
stresses 0.3 kg/cm^ and 0.5 kg/cm^, the settlements of the pile were 
small and discontinuous. With t=0.75 kg/cnr, there was a continuous 
settlement which grew with catastrophic speed, up to 40 mm per day. 
The pile began to penetrate the frozen soil as in a plastic medium, 
and the general settlement reached 380 mm. 

Table 46. Comparison of the results of tests for pressing-down and 
pulling-out piles under constant stresses 

Experi¬ 
ment no. 

Form of the 
experiment 

Time (in hr) after which there occurred the 
break in the reaction for stresses 
t kg/cnr equal to 

8.25 4.2 2.0 1.5 1.2 1.0 0.7 

28 

29 

Pressing- 
down 

Pulling-out 

Instan¬ 
taneous 

Instan¬ 
taneous 

3 

0.3 

56 

5.3 

450 

8 

more 
than 
2000 

130 

not 
penetrating 

more than 
2500 

3. Point-bearing resistance of frozen soil 

In conjunction with formula (71), the maximum resistance of the 
soil under the leading edge of the pile is determined by the difference 
R^m = piim— Tiim* Expressing P and T by the specific forces of 
resistance to pressing-down t _ = P/F and to pulling-out t ^ = T/F 
(where F is the area of the l&teral surface of the pile), pwe•find that 
the maximum pressure transmitted to the soil under the point of the 
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pile, referred to the unit or area of the cross-section of the pile /, 
will equal 

Rlim 

lim / (Tpr - T 
F 

pul5 j. (75) 

(1) Data of the tests of pile no. 1 with 6=-0.3C; 
(2) Data of the tests of pile no. 25 with 6=-0.3C to -0.4C. 

According to the data of the above-examined laboratory tests for 
pressing-down (experiment 29). conducted with four piles, the value of 
the limit stress was equal to = 0,7 to 0.8 kg/cm^. But the maximum 
resistance to pulling-out for this soil is (Table 15, experiment 28) 
Tpu}. = kg/cm2. Hence, with F = 12b cm^ and with / = 9.6 cnr, the 
limiting pressure under the point equals °iim = (0.2 to 0.3) x 13.1 = 
2.6 kg/cm2 to 3.9 kg/cm2. 

Let us compare this magnitude with the value of adhesion. Fcr the 
given soil, the value o' the equivalent long-term cohesion from experi¬ 
ments, ce = 0.55 kg/cm2. Hence, 

o i • lim 
4.7 to 7.1 



196 RHEOLOGICAL PROPERTIES AND BEARING CAPACITY OF FROZEN SOILS 

In actual tests of the piles it turned out (Figure 68) that the 
resistance to pressing-down was Tpra?0.65 kg/cm t but the resistance 
to pulling-out ?oui (Table 45) intone case was equal to 0.5 
and in two casesPto 0-.6 kg/cm*. With F = 11250 cm2 and / = 250 cm we 
get. on the average, oiim = 0.80 x 45 = 3.6 kg/cm . The value 
equivalent adhesion, determined for the sample of soil taken immediately 
from beneath the point of the pile after its being dug up, was equal 
to c = 0.5 kg/cm'. Hence, taking into account the depth of the pile 
1 = 5 m (with Ys = 1.7 T/nw), we get oiim/ce = 5.8. 

As can be seen, the value ®iim is close to the value (5.55 ce) 
determining the limiting resistance to the pressing-down of the round 
punch according to formula (69), which corresponds to the assumed 
approximate calculation scheme of pile behavior. Proceeding from what 
we have said, it is possible in the series of the first approximation 
to assume that the resistance of the soil under the point of the pile 
is determined by the formula, 

°lim = ce + Ys 1 
(76) 

where 1 is the depth of embedment of the pile. 

In conclusion, let us point out that for the piles which were 
examined, the point resistance of the soil was about 10 to 15% of the 
resistance along the lateral surface. Observe once again that the 
soil under the point of the pile is fully engaged in operation only 
when the state of limiting equilibrium, i.e. when P ¿.Ptíjj,, occurs. 
But since we conduct the calculation of the pile precisely according 
to such a state, then the resistance of the soil under the point should 
be taken into account, if, of course, the possibility of the heaving 
of the piles in the period of construction is excluded. 

4. Bearing capacity of piles and design values of the adfreeze 
strength 

For an approximate evaluation of the bearing capacity of a single 
pile driven into frozen soil we can assume the following simplified 
formula, 

3lim = JL TIt(i) Fi + /°lim- 
1 

(77) 

Substituting the value of °^ini from (76) we get the formula which 
the author proposed for determining the maximum stress for piles 
hammered into frozen soil, 

lim 

II 

u Tit(i) hi + ce + Ys D» 
(77a) 

where P-iim is the limiting stress on a single pile; 
tÍÍ is the limiting long-term adfreeze strength of the soil with 

the lateral surface of the pile (taking into account the 
change of the temperature of the soil according to depth); 

h- is the thickness of the layer of frozen soil under examina- 
1 tion; 

y is the unit weight of the soil; 
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F.=uh¿ is the area of adfreezing of the soil with the lateral 
1 surface of the pile (the area of the possible displacement 

of the soil) within the limits of i-th portion of the 
length of the pile under examination; 

C_ is the equivalent long-term cohesion of the frozen soil at 
the pile point (taking into account the temperature of the 
soil at this depth); 

u is the perimeter of the pile for which upheaval of the soil 
can occur 

f is the area of the cross-section of the pile; 
1 is the overall depth of embedment of the pile. 

If the value ce is not known, then it is possible immediately to use 
formula (77), approximately taking oiim = 1.5 R| where £, is determined 
from Table 37. The symbol £ in formula (77) indicates the addition of 
values which change according to the length of the pile in 
conjunction with the change of the temperature for the depth of the 
frozen stratum. With this it is also possible to allow for the hetero¬ 
geneous strata of the soil. As the design temperature of the soil we 
should take not the highest absolute values, as is sometimes done, but 
the highest monthly-average value. Tentative values of the long-term 
adfreeze strength of sandy loam and argillaceous loam with wooden 
piles, taken from the data 6f the above-described tests of piles in 
field conditions, are quoted in Table ''7, These values are included 
for design in the All-Union "Standards and Technical Specifications for 
Planning Ordinary Building Foundations in Permafrost Conditions" (N and 
TU 118-54). 

It is necessary to make the following explanation of Table 47, 

(1) The design values of the adfreeze strength are given by 
generalizations for silty sandy loam and argillaceous loam, since the 
great siltiness of the frozen test-soil, the presence of the ice 
coating, and other factors even out the differences in magnitude of 
Tlt for this soil. In cases when the soil is sharply distinguished 
from the soil tested, the values of can be somewhat different than 
those presented in the table. In particular, for coarser soils (sand, 
and light non-silty sandy loam) these values, evidently, will be 1.25 
to 1.5 times greater than those, in the table; but for clay and strongly 
organic soil, on the contrary, some decrease of Possible. 

(2) The values of tlt presented in Table 47 refer to the case of 
driving piles by hand in steamed holes whose diameter is greater.than 
the diameter of the piles. In driving piles with a.pile driver into 
steamed holes whose diameter is 0.6 to 0.9 of the diameter of the 
piles, the values of Tlt will be approximately 25% greater than those 
in the table. However, in view of the difficulty of controlling the 
radius of steaming the values of t which have been presented can be 
extended also for the designated method of driving. 

In the case of driving piles into drilled holes whose diameter is 
0.6 to 0.9 of the diameter of the piles, the values of t should be 
taken to be 1.3 to 1.5 times greater than those presentea in the table. 

(3) The values of Tlt at 6=-0.2C to -0.3C are presented on the 
assumption of complete freezeback of the soil.after steaming, e.g. by 
the cooling of the soil from the surface in-winter time. 
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Table 47. Design values of long-term adfreeze strength of sandy loam 
and argillaceous silty loam with wooden piles driven with steaming* 

Temperature , °C -0.2-0.3° -0.5° 

o
 f'* • 
o
 1 -1.0° 

— 
-2.0° 

O
 o 

CO 1 

Tlt» kg/cm2 0.3 0.6 o
 

• 00
 

1.0 1.6 2.0 

The values of t for 6=0C to -0.2C with different methods of 
driving piles are préèented in Table 43 or can be taken analogously for 
unfrozen soil of corresponding consistency, the last designation is 
correct even for low moisture-content and quick-frozen soils. 

(4) With stresses not exceeding the tentative values of t-h-, the 
possibility of the occurrence of deformations of the visco-plasfic 
flow is eliminated. In a number of cases, it is possible to tolerate 
these deformations, taking into account their extremely slow growth. 
Then the calculated stress can be taken as greater than the values of 
Tlt Presented in the table; its magnitude should be determined pro¬ 
ceeding from the permissible speed of deformation, or from the per¬ 
missible settlement for an assigned period of time (for example, the 
useful life of the building) in conjunction with formula (74). 

Let us now compare the values presented in Table 47 with data in 
the literature. 

Technical Specifications Applying to Surveys, Planning, and 
Building of Railroads in Permafrost Areas" of 1941, the value of 
1 kg/cm was given for all cases, without differentiation, according to 
the temperature index. 

Such an approach, which was caused by the absence of sufficient 
experimental data, is of course completely incorrect and is full of 
dangerous consequences. This is graphically proved by the results of 
the tests examined above (Figure 68). With 6=-0.3C to -0.4C the piles 
under the specific stress t=1 kg/cm2 gave disastrous settlements which 
reached 50 cm in one month. On the other hand, for soil with a low 
temperature the value t=1 kg/cm2 is low; it corresponds to reality only 
in the particular case 6=-lC. 

Precisely with this mean soil temperature and the designated mag¬ 
nitude of the field tests of N. I. Bykov and P. N. Kapterev (1940) 
gave the values x=0.75 kg/cm2 at 6=-0.60 and t= 1.1 kg/cm2 at 6=-10. 
As is clear, our data (Table 47) agree well with these. particular 
values. There is precisely the same agreement with the data of other 
authors (Tsytovich,1952), whose determination of the resistance of 
adfreezmg, taking into account the phenomenon of viscosity, equals 0.6 
kg/cm at 6=-0.50 and 1,5 kg/cm at 8=-1.50. Thereby the reality of 
our tentative design values of ilt is confirmed. But we should keep in 

* ïhe dependence of Tit on 6, which is presented in Table 47. s 
described by the equation xlt = /TTbSTT - 0.3. 
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mind that these values were found for particular soils and should be 
verified for other regions with a warning as to the necessity for 
corresponding refinements of accuracy. 

The values of the adfreeze strength presented in Table 47 refer 
to silty sandy loam and argillaceous loam, in which the moisture content 
of the mineral layers is 25 to 30%. The presence of ice inclusions in 
the soil in driving the piles with steaming does not have any particular 
effect on the adfreeze strength, since the final moisture content of 
the steamed, and then refrozen, soil around the pile does not, m 
effect, depend on the total moisture content of the frozen stratum. 

The case is somewhat different in driving the piles into drilled 
holes (and into steamed holes of smaller diameter), if ice layers are 
included in the frozen stratum; they will immediately freeze on to the 
surface of the pile, thereby lowering its bearing capacity, since the 
adfreeze strength of ice sharply differs from that of soil. In tais 
case on the basis of the data concerning the differentiated moisture- 
ice-content which are easily determined in field conditions (A. w. 
Pchelintsev 1954), we should calculate the general thickness of the 
mineral lasers of the soil and the ice inclusions, and assuming for them 
the listed"values of T,t, we should substitute the latter into formula 
(77). Thus, if the total moisture content of the whole frozen stratum 
w« and the moisture content of the mineral layers w,I(n are known, then 
the general content of the ice inclusions of this stratum (by percentage 

of the dry weight) will be 

Zwc(i)hi 
1 

21 wmn( i )hi 
1 

''incl w. mn 

►hi 

where h- is the thickness of the layers of the soil for which the 
differentiated moisture content was determined, and Wi is the values 
of the differentiated moisture content (by percentage of the dry weight) 

in these layers: 

h. 
i M 

corresponds to the depth of driving of the pile into permafrost. _ 
Exnressinp wít,m in percentage of the volume of the frozen soil, it is 
possib16°t0Wdetermine easily the total thickness of the ice inclusions* 

(in cm). 

^incl 
0.01 100& *incl_ H 

90 + A W m 

where A is the unit weight of the frozen soil. 

In its turn, the general thickness of the mineral layers of the 

soil is 

mn 
HM - ^incl* 

* We disregard the'effect oi the 'ñon-frozen water on the unit weight of 
the soil, since the error from this approximation does not exceed 2%. 
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Hence, the limiting stress on the pile driven (by a pile driver) 
into frozen soil having ice inclusions is determined by the formula, 

n 

plim = u (hmn Tmn + hincl Tice) * f °lim* (78) 
1 

where t and t. are the long-term adfreeze strengths of the mineral 
layers of thèCloil and ice with the pile at the given temperature. 

The rest of the symbols are the same as in formula (77). 

The size of c , which can be determined from testing by the 
spherical indenterRenters into formulas (77a) and (78). This size 
depends essentially on the fact that such soil, i.e. of undisturbed 
texture or disturbed by steaming, is located under the point of the 
pile. In the first case, corresponding to driving the piles with a Plie 
driver, c will be considerably higher than in the second case, which 
corresponds to driving the piles by hand with steaming. What we have 
said is confirmed by the data presented m Table ?5 and also by the 
results of determining ce for undisturbed frozen soil, and for steamed 
and refrozen soil (Table 48). 

Table 48. Limiting long-term adhesion of undisturbed frozen soil and 
soil disturbed by steaming 

Soi 1 

-I 
Experiment 

no. 

Tempera- 
ture 
°C 

Moisture content 
of the soil, % 

ce; kg/cm2 

undis¬ 
turbed 

steamed undis¬ 
turbed 

steamed 

Light, silty 
argillaceous 
loam 

Heavy, silty, 
slightly 
peaty sandy 
loam 

29 (lab.) 

Pile no. 1 
(field) 

-0.3 

-0.3 

29 

29 

29 

28 

1.0 

0.9 

0.55 

0.5 

It is interesting that the cohesion c of the frozen soil corre¬ 
sponds approximately (but still is somewhat greater) to the adfreeze 
strength, t-m-. In this case, c for disturbed soil is close to the 
values of for the case of driven piles with steaming. The values 
of the equivalent long-term adfreeze strength for undisturbed frozen 
soil are presented in Table 6. The adhesion of disturbed frozen 
will be 1.5 to 2 times smaller. Compact soil of the type of Igarska 
varved clay, in which the value of ce by remolding can be decreased 2.5 
to 3 times, is an exception. 
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CHAPTER XI. LIMITING LOAD CAPACITY OF PILES 

Formulas (77) and (78) determine the size of the limiting stress 
on the pile. But for determining the design stress N, it is necessary 
to introduce the appropriate safety factor, 

Taking into account the fact that the break at the limiting state 
of the frozen soil with JJ. somewhat exceeding P]fm leads to the^appear¬ 
ance of only slowly developing visco-plastic deformations, it is 
possible to take Jc as not less than 0.7 to 0.8. 

As usual, the calculated stuess on the pile should alio be verified 
for the strength of the pile materials N <. fRQr» where Rc_ is the 
estimated strength of the pile point, and y is the area ox its cross 
section. 

As far as the design of the pile foundation for limiting deforma¬ 
tions is concerned, with stress on a single pile not exceeding Pum* 
the necessity of such a calculation for the frozen soil recedes. 
Only the driving of piles into plastic frozen soil with a temperature 
around 0C (section 5, Chapter VIII) constitutes an exception, e.g. as 
in the design of ordinary foundations.. Finally, calculation for the1, 
deformations is necessary in a case in which the calculated stress will 
exceed Piim. As we have already said above, in this case there will 
arise a visco-plastic flow whose permissible speed of growth will 
determine the design value _N. 

5. Heave forces 

As is well known, foundations built on permafrost should be 
designed for their resistance to heave forces arising in the seasonal 
freezing of the active layer. For this the condition, 

N + 2. + T 
¿ S, (7S) 

should be satisfied, where jj. is the heave force, JJ. is the constant 
(calculated) load on the foundation, is its own weight, £ is the 
forces of adfreezing of the soil with the foundation (within the limits 
of embedment in the permafrost stratum) opposing the heave, and is 
the safety factor (for the working conditions) taken as equal to 1.1 to 
1.2. 

The value T is determined from the expression, 

11 

Tlt(i) h(i) 
(80) 

where is the perimeter of the base of the foundation, _h. is the depth 
of foundation below the boundary of the seasonal layer, and T is the 
long-term adfreeze strength (Table 47) taking into account the tempera¬ 
ture of the soil according to depth. 

A special article (S. S. Vialov and N. I. Yegorov, 1958) is devoted 
to the problem of determining the forces of heaving S in field conditions ; 
in the article, the arrangement for observations of The heaving is 
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described and some results of studies carried out by S. S. Vialov, 
S. G. Tsvetkova, and N. I. Yegorov in 1950-1053 in Igarka are quoted.* 

In principle, the arrangement consists of the following: two 
secure anchor supports made from pipes with welded cleats are placed 
in the stratum of permafrost (in the conditions of Igarka for a depth 
of 12 to 15 m). A horizontal metal beam is fastened to the upper ends 
of the supports with a span of about 3 m; the foundation to be tested 
(the support) , which has been sunk through the active layer of the 
soil to the level of the upper surface of the permafrost, touches the 
beam. 

The horizontal beam prevents the heaving of the foundation and 
absorbs the heaving forces which are developing along the lateral 
surface. The total value of these forces can be determined from the 
deflection of the Horizontal beam (the idea for such an arrangement 
belongs to V. F. Zhukov) , or immediately by a spring dynamometer 
placed on one of the anchor supports. 

The designated arrangements, which are distinguished by simplicity 
of construction and facility of observation, permit us to study the 
dynamics of the forces of heaving and to determine their value at any 
moment of the process of heaving. For completeness of the study of 
this process, it is expedient to conduct simultaneous observations of 
the size of heave according to the depth of the soil, the temperature 
(of air and soil), the depth of freezing, etc. 

The equipment was placed in section no. la (described in Chapter 
X) , whose active layer of soil was a silty sandy loam and argillaceous 
loam with a mean moisture content of 40%; the depth of the summer 
thaw was 1.5 m. Some of the results of the observations conducted at 
one of the installations are presented in Table 49. 

As a result of the analysis of the experimental data the following 
conclusions were made: 

(1) The process of the growth of the heave forces follows basically 
the process of freezing of the soil; however, there occur certain 
deviations. The onset of heave comes somewhat after the beginning of 
freezing: it occurs when the soil has frozen to 8 to 10 cm. Then, in 
proportion to the increase of the depth of freezing and the drop of 
the temperature the heave forces grow intermittently. 

Heaving stons before the whole active layer freezes (if the bound¬ 
ary of freezing fuses with the upper boundary of the permafrost soil). 
This is explained by the fact that as a result of the travel of mois-, 
ture to the freezing front, the lower levels of the active layer are 
dehydrated, and the transfer of water from these layers stops even 
before the process of freezing is concluded. 

If the boundary of the freezing layer does not fuse with the upper 
boundary of the permafrost soil ("non-fusion freezing"), then the 
process of heave ends with the conclusion of the freezing, since in 
this case inflow of water from low-lying thawed layers is assured. 

* In subsequent years these studies were continued by V. 0. Orlov. 
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Formulas (77) and (78) determine the size of the limiting stress 
on the pile. But for determining the design stress N, it is necessary 
to introduce the appropriate safety factor, 

Taking into account the fact that the break at the limiting state 
of the frozen soil with Ji somewhat exceeding Piim leads to the^appear¬ 
ance of only slowly developing visco-plastic deformations, it is 
possible to take J< as not less than 0.7 to 0.8. 

As usual, the calculated stress on the pile should also be verified 
for the strength of the pile material: N <. f^crt where R is the 
estimated strength of the pile point, and f is the area of its cross 
section. 

As far as the design of the pile foundation for limiting deforma¬ 
tions is concerned, with stress on a single pile not exceeding Pi¿m* 
the necessity of such a calculation for the frozen soil recedes. 
Only the driving of piles into plastic frozen soil with a temperature 
around 0C (section 5, Chapter VIII) constitutes an exception, e.g. as 
in the design of ordinary foundations.. Finally, calculation for the 
deformations is necessary in a case in which the calculated stress wll 
exceed Piim. As we have already said above, in this case there will 
arise a visco-plastic flow whose permissible speed of growth will 
determine the design value _N* 

5. Heave forces 

As is well known, foundations built on permafrost should be 
designed for their resistance to heave forces arising in the seasonal 
freezing of the active layer. For this the condition, 

(79) 

should be satisfied, where ¿ is the heave force, N. is the constant 
(calculated) load on the foundation, is its ownweight, ^ is the 
forces of adfreezing of the soil with the foundation (within the limits 
of embedment in the permafrost stratum) opposing the heave, and Js. is 
the safety factor (for the working conditions) taken as equal to 1.1 to 
1.2. 

The value T is determined from the expression, 

h 

i 

where u is the perimeter of the base of the foundation,_h, is the depth 
. " i • \ i i- _ 1—    . ■£ +- V» «-«a »nal T .3170 Vi ^ of foundation below the boundary of the seasonal layer, and is the 

long-term adfreeze strength (Table 47) taking into account the tempera¬ 
ture of the soil according to depth. 

A special article (S. S. Vialov and N. I. Yegorov, 1958) is devoted 
to the problem of determining the forces of heaving S_ in field conditions 
in the article, the arrangement for observations of the heaving is 
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described and some results of studies carried out by S. S. Vialov, 
S. G. Tsvetkova, and N. I. Yegorov in 1950-1053 in Igarka are quoted.»11 

In principle, the arrangement consists of the following: two 
secure anchor supports made from pipes with welded cleats are placed 
in the stratum of permafrost (in the conditions of Igarka for a depth 
of 12 to 15 m). A horizontal metal beam is fastened to the upper ends 
of the supports with a span of about 3 mj the foundation to be tested 
(the support), which has been sunk through the active layer of the 
soil to the level of the upper surface of the permafrost, touches the 

beam. 

The horizontal beam prevents the heaving of the foundation and 
absorbs the heaving forces which are developing along the lateral 
surface. The total value of these forces can be determined from the 
deflection of the horizontal beam (the idea for such an arrangement 
belongs to V. F. Zhukov) , or immediately by a spring dynamometer 
placed on one of the anchor supports. 

The designated arrangements, which are distinguished by simplicity 
of construction and facility of observation, permit us to study the 
dynamics of the forces of heaying and to determine their value at any 
moment of the process of heaving. For completeness of the study of 
this process, it is expedient to conduct simultaneous observations of 
the size of heave according to the depth of the soil, the temperature 
(of air and soil), the depth of freezing, etc. 

The equipment was placed in section no. la (described in Chapter 
X) , whose active layer of soil was a silty sandy loam and argillaceous 
loam with a mean moisture content of 40%; the depth of the summer 
thaw was 1.5 m. Some of the results of the observations conducted at 
one of the installations are presented in Table 49. 

As a result of the analysis of the experimental data the following 

conclusions were made: 

(1) The process of the growth of the heave forces follows basically 
the process of freezing of the soil; however, there occur certain 
deviations. The onset of heave comes somewhat after the beginning of 
freezing: it occurs when the soil has frozen to 8 to 10 cm. Then, in 
proportion to the increase of the depth of freezing and the drop of 
the temperature the heave forces grow intermittently. 

Heaving stons before the whole active layer freezes (if the bound¬ 
ary of freezing fuses with the upper boundary of the permafrost soil). 
This is explained by the fact that as a result of the travel of mois-, 
ture to the freezing front, the lower levels of the active layer are 
dehydrated, and the transfer of water from these layers stops even 
before the process of freezing is concluded. 

If the boundary of the freezing^layer does not fuse with the upper 
boundary of the permafrost soil ("niiT-fusion freezing"), then the 
process of heave ends with the conclusion of the freezing, since in 
this case inflow of water from low-lying thawed layers is assured. 

* In subsequent years these studies were continued by V. 0. Orlov. 
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Table 49. Observed data on heave of the soil in Igarka in 1952 

Items Unit of 
Measure¬ 
ment 

10/1 

Dates of the observations 

10/8 10/15 10/22 10/29 11/5 11/12 11/19 11/26 

m 0.05 

(ri/day 

mm 

Depth of 
freezing 
Speed of 
freezing 
Size of 
heave of 
the sur¬ 
face 

Speed of 
heaving 
of the 
surface 
Forces of 
heaving 

Thçav^Per 
unit of t 
perimeter 
of the 
foundation) 

Rate of 
growth of 
the forces 
of heaving 
Unit forces kg/cmf- 
of heaving 

IV (Pe 

mm/day 

kg/cnr 

ie 

kg/cnr 
days 

The§' 
unit 

- I per 
of [ 
of the area or tne 

lateral sur¬ 
face of the 
foundation). 

_I_ 

0.11 

0.01 

20.0 

3.0 

8.0 

0.22 

0.02 

56.0 

5.0 

27.0 

0.42 

0.03 

94.0 

5.5 

26.0 

0.56 

0.02 

112.0 

2.0 

27.0 

0.75 

0.03 

125.0 

1.0 

54.5 

1.00 

0.04 

132.0 

1.25 

0.04 

131.0 

1.50 

0.04 

129.0 

66.0 55.0 46.5 

1.1 

0.78 

2.7 

1.24 0.62 0.49 

4.0 

0.73 

1.6 

0.66 0.44 0.31 

(2) In conjunction wltn what we have said and as others have 
observed, in the process of the heaving of the soil whose boundary of 
freezing fuses with the upper boundary of the permafrost stratum the 
whole active zone does not take part, but only the "effective" part. 
According to the data of our experiments, the depth of this zone is 
hact **2/3 hfdf, where hfdf is the full depth of freezing. 

(3) In the process of heaving, a folding of the layers of the 
frozen soil around the foundation occurs, as well as the sliding of 
this soil along the foundation, observed by V. I. Dalmatov (1954). 
The folding is observed in the beginning of the process, but later on, 
in proportion to the growth of the heave forces, there occurs a break 
of the soil from the foundation and the frozen soil is shifted above, 
sliding along the lateral surface of the foundation. The heave forces 
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which develop in this folding correspond, according to B. I. Dalmatov 
(1954), to the so-called steady adfreeze strength ifteave s Tsteady • 
i.e. to the prolonged resistance to displacement of tha soil which 
constantly slides along the shaft (foundation). 

(4) As is obvious, the calculated value of the total heave force 
is determined by the expression S=T^eave haç-t u, or S=Tfteave u, where 
u, is tha perimeter of the foundation, hact is the depth of the active 
layer, Theavç t**3 specific heave force in kg/cm^, and Theave= 
Theave ^act ^eave force per unit of perimeter of the foundation, 
as recommended by N and TU 118-54, Let us observe that the last method 
of the expression of the heave forces is not very successful, since 
the size of haci; enters here not in a clear but in a concealed form, 
and the change of the temperature of the soil according to,the depth is 
not taken into account at all. The use of the parameter Theave can be 
permitted only as a temporary measure, taking into account the present 
absence of adequate data. 

As follows from Table 49, the specific forces of Theave attain 
their maximum value in the beginning of the process. However, the 
total heave force at this moment is not yet the greatest, and there¬ 
fore we should introduce into the calculation not maximum i)ieave, but 
a value of T}ieavg such that the product of Theave and hact.subsequently 
the total force ¿ will be a maximum. This value corresponds to the 
moment at the end of heaving, but not to the conclusion of freezing. 
At this moment Theave also attains a maximum. 

In the experiment that is being examined (Table 49), max Theave= 
1.24 kg/cm2 (with )1^^=0.22 m) ; m^x _S. will be with Theave2^ •66 Kg/cm2 
and hact=hfcjf=i m* which max Theave = 6ß kg/cm? corresponds. 

(5) The greatest values of the heave forces observed in our 
experiments in the conditions of Igarka are Theave=^^^ kg/cm^ (with 
"fused freezing"). This corresponds approximately to the values 
recommended by N and TU 118-54. As far as the heave forces in the 
condition of deep freezing ("non-fused freezing") are concerned, their 
value in individual cases (with the possibility of the inflow of water 
from below) went up to 300 kg/cm? and, as the further observations of 
V. 0. Orlov in Igarka showed, even up to 400 kg/cm^. 
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CONCLUSION 

The rheological properties of frozen soil caused by the presence 
of ice and non-frozen water are very important factors, without 
consideration of which calculations of the stability^ and steadiness 
of frozen soil are not possible. In the present work certain 
principles of rheology and the stability of frozen soil were examined, 
and proceeding from these principles an evaluation of the bearing 
capacity of natural [footings] and artificial (pile) foundations was 
made. 

The results of the investigations reduce fundamentally to the 
following: 

(1) On the basis of experimental data we advance an hypothesis 
concerning the physical essence of rheological processes (creep, 
lowering of strength) in frozen soil,.agreeing well with the principle 
of the dynamic equilibrium of the solid and liquid states of water 
contained in this soil. According to this hypothesis, rheological 
processes in frozen soil are caused by two mutually-opposed phenomena: 
on one hand by the weakening of inner bonds caused by the flow of ice, 
and also by the liquefying, squeezing, and shift of the solid portions, 
and on the other hand by the reduction of broken bonds and their 
consolidation. The predominance of one of these phenomena^over another 
causes the cessation, or continuous character, of deformation. 

(2) We establish the conditions of the stability of frozen soil 
characterizing the rise of the visco-plastic flow and the transition 
of this flow into the stage of rupture. It s shown that the limit ot 
viscosity is a variable magnitude, and the long-term strength is a 
basic characteristic. 

In our work the dependence of this limit on different factors was 
studied and quantitative values of it are given. 

(3) Peculiarities of rheological processes in frozen soil are 
demonstrated, and it is shown that the laws of the classical theory of 
rheology are inapplicable here. 

(4) Laws are proposed which characterize rheological processes in 
frozen soil and establish a relation between the stress and the oefor¬ 
mation (taking time into account), between the stress ana the rate of 
the visco-plastic flow, between the deformation and the time, and 
between the size of the rupture stress and its time of action. Also 
presented is the condition of the limiting stress state of frozen soil 
taking into account its relaxation properties. 

(5) it is established that failure at the limiting equilibrium 
(stability) of frozen soil under foundations occurs as a result o. the 
>arting of the frozen stratum under the footing by the compacted wedge 
kernel] and of the rise of the visco-plastic flow. f: 
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The presence of ice layers in frozen soil somewhat lowers its 
bearing capacity, but in certain conditions this soil gives an 
adequate foundation. 

It is shown that plastic frozen soil with a temperature that is 
high and close to 0C possesses a comparatively high compressibility 
which should be taken into account in calculations. 

(6) The maximum stress on frozen soil can be determined according 
to formulas of the theory of plasticity, but with consideration of the 
relaxation properties. According to a joint proposal with N. A. 
Tsytovich, the concept of the complex character of the adhesion is 
introduced, and the formula for determining the maximum stress is 
given.. For evaluation the bearing capacity of frozen soil in field 
conditions we propose a method of testing by the penetration of a ball- 
indenter which is a development of the Brinell hardness test. 

(7) From field and laboratory data we have derived new values- 
increased in comparison with the standards-of the calculated resistances 
(permissible pressures) of frozen soils for foundations. 

(8) The operation of piles driven into frozen soils by different 
methods, and their resistance to long-acting loads are investigated. 
Also presented is the nature of the bonds causing this resistance and 
the dependence of the bearing capacity of the piles on the methods of 
emplacement, on the type of soil, its temperature, moisture content, 
etc. 

(9) A design formula for determining the limiting stress on piles 
in frozen soils is proposed, and, based on field experiments, design 
values of the long-term adfreeze strength of soils with piles are 
derived. 
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