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EXPERIMENTATION AND THEORY 23
crystallization forces, the water {rom small capillaries and a portion of the film
water 18 drawn to the crystals which have formed. When the soil thaws, most of the

water remains in the large capillarieg, so to speak, in a gravitational state; with new

fftt!ZZ.\g it 18 transformed into ice at '-“‘!’!:.)t'!'.ll iwres imuch closer 10 OC.

¢1% the thin

Stirring the s0il with a rod redistributes water, which also

cap:liaries, so that the freezing point i lower dur ng subseguent freszing, as is evident

in the above tabulation.

cos explains the formation of pedicels and lur

allization force which "or:ents" {if one can use

n the guii by the

BHH}'U': ps of ice
presence of a ¢
water toward the a
water,

i
this expression) the

ready formed ice crystals and produces rnew crystals from this

mall ice

Various s found in frozen ground have been desciibed by s
investigators. Consequently,
fully However, the ice pedicels and the interesting ice inclusions cited in the work
Bykov1 should be mentioned. 1n the frozen ground at Igarka, he found separate ice
crystals which were either arranged in regular rows between the layers of ground or
scatiered as single phenocrysts in the ground. Two illustrations of such inclusions

are given in Figures 10 and 11.

v will only be mentioned here without des ribing

Figures 10 and 11. Ice crystals :n frozen ground {Igarka).
Phoro from drawing by N. 1. Bykov.

Such ice inclusions are common in permafrost regions. From the construction
viewpo:int, they should be of interest to engineers, since melting of these particles
causes supersaturation of the ground.

Wintermeyer? states that the percentage of frozen water in the soil depends on the
1. N. 1. Bykov (1933) "Vechnaia merzloia § stroitel'stvo Igark: {(Permafrost and con-
struction at Igarka)," in Za industrializatsiyu sovelszogo Vostoka (Industrialization of
the Soviet East). Moscow: Tsentral noe Bilurc Rraeveaeniia, o

2. A. M. Wintermeyer (192% Po-rcc‘nta e of water Irt_'__vzablf__::;_xn:!s, Public Roads,
A Journal of Highway Researc. U.S5. Dept riculture, Bureau of Public Roads,

>

vol. 5, no. 12, p. 5-8

































34 PRINCIPLES OF MECHANICS OF FROZEN GROUND

r ) -

with simultaneous light tamping of the soil in Table 20
the cylinders. After thas toeatment, the de-
gree of moisture in the lower portions of the

: Water at bottom clay
cylinders was determined prior to freezing. at bottom of clay

cylinders {%)

Then the « viinders were placed so ithat the Test No.

so:l wonld {reeze from the top dowan, and Beiore After
samples were taken from the bottom of each freezing freezing
cylinder to deternune mo:sture content. Com

parative data on the maisture of the unfrozen 1 29.0 20.8

and frozen so1l in the bottom of the cylinders

2 . Q
are given in Table 20. = 19.9
g 3 18.3

As can be seen from this table, in every
case the moisture of the lower part of the - 23.2 18.3

5

d cylinder was considerably smaller after

frecziog. Water migrated toward the ton

where numercus ice layers up 1o 3 cin thick, were observed. Taber did not determine
ihe amount of moisture in the upper part since he considered that water migration from
the bottom to the top was shown by the ice layers :n the latter (Fig. 13).

Johanssenl tock a sample of ground with an equally distributed moisture « ontent of
31. 6% and subjected 1t to gradual freezing from the top downward — as ground freczes in
nature. After 24 hours, Johanssen determined the
amount of moisture in his frozen sample, layer by layer.
and obtained the following results;

Depth of sample, {cmn) Moisture (%)
0-3 b0
i-b e8.3
10-13 28.9
2U-23 29, ¢

It is clear that the moisiure migrated to the very top
iayer of the sample of ground.
Sumpgir? used silt and sand in his experiments on

moigture migration in the ground during freezing. The
silt had the following mechanical composition:

Size {mm) Percent of total weight
1.0 -0.5 0. 39
0.5 -0.2% 0. 55
0.25-0.05 10. 76
0.905-0.01 41.29
0.01-0.005 41.1¢6

<0,005 5.85

The ground was either moistened by cap:liary action
up 1o constant we:ght, or water was added to obtain
predetermined moisture, or one close fo it. The moisture
content by layers was determined before and after freezing
in the copper cyvlinders described previously (p. 31).

Figure 13. Cylinder of fro-
sen clay showing segregated
wce layers formed during
treezing. {From Taber).
i Cited from A, B.Dobrowolsk: {(1923) Historja Naturalna Lodu {Natural Listory of ice).
Warsaw,

>

=, See Sumgin {1929) op. cal.
* (¥From Taber, 1929, p. 441.
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30 PRINCIPLES OF MECHANICS OF FROZEN GROUND

i, irozen, anc

) !
10 70 |
essd
B, { B,
- 1
| 15.7 | 13.4 12.3 14.7 | 18.3
- 2 | £9.3 " J 1l.2 9.4 i l
December 13 l |.9% 6 4 10.1 12.7 16.7
December 29 1 ZB. 1% ! 24.9% §3.¢ 11.6 1.0 §
Janua { 30.8% 20,8% 18.0% 14.2 17.2
February . : i &9.8% 26.7% 14.3% ! i3.1% 15.¢
AR - oo aiemic | 36.6% 22.9% | 1591 15.0 18.4
April 4 ( i6. 7% 1 22.4% | |G . T%® i 15.2 12.4
. . ! -
April & SR | 46.5% | 226 | 1871 | 17.2 | 19.1
s ! . { | :
April 9 ... ionaes 33.0 | 21.5% | 19.8 i 11.3 _i 19.2
R (RS [EMDNECIC SIRSEREC . S

* Moisture of frozen sol

¥

f Moisture of samples . semi~frozen, slightly thawed state

A case described by Lebedev and Talalaev! undoubts diy deals with moisture migra-
Q28

freezing During the spring 1 :

the crop of winter wheat in

tion in the ground dur
the northern Caucasus and in the Ukr 1
the causes of this phenomenon investigated the soil conditions in the fields. We quote

the above -mentioned invesgtigators.

ned. Scieniists stodying

ne was completely

The soil conditions on the experimental plot of winter wheat located at the Don
investigated first. For this purposc a pit 20 ¢m deep was dug
March 22. In the wall of the pit at a depth 7 cm from
to 1.0 c¢m thick.

When a portion of this ice layer was extra ted from the pit, it was found that it con-
»f ice with particles of so:l adhering to it on the upper and lower suviaces. The
P

sisted
s laver was 242 to 343% of the weight of the dry soil” (Fag. 19).

percents of morsture

Figure 19. Cross section of frozen ground at the Don
Agricultural Statiwa at Rostov-on-Don. { = lce laver).

1. A. F. Lebedev and E. V. Talalaey (1928) Gidrologicheskie 1 klimaticheskie usioviia
yibel: pshenitsy \1427»lr 2. (_l*l;.'-':r—x:lnsjr"a_lr:md' climatic reasons {or loss of wheat crop in

;:} 7-28], Donskoe okruzhnoe zemel'noe upravienie (Don District Agriculture Department),
ostov-on-Don.




EXPERIMENTATION AND THEORY 41

The authors explain the formation of this ice-filled layer by the condensation of
vapor here during the process of soil freezing, although they state that in February the
soil thawed approximately to the depth of this layer, and that water from melted snow
reached this depth.

Thus. the fact of water migration in its various phases during the freezing of the
ground and in frozen ground was demonstrated both by laboratory experiments by toreign
and Soviet investigators and by observations under natural conditions. Let us repeat here
that *he theory of water migration in the ground during freezing is substantiated especially
clearly by cbservations in permafrost regions during the study of icing phenomena

(Fig. 20).

Figure 20. Ice mound at the 91st km post of the Amur-Yakutsk
Highway which developed during the winter of 1928-29. (In the
winter of 1927-28, this myound did not exaist. )
(Photographed May 17, 1929.)

The basic causes of water migration in freezing and frozen ground may be summa-
rized as follows:

State of water Basic causes of migration

1. Vapor 1. Differences in vapor tension due to:
a. Temperature
b. Curvature of surface (Thomson's
law)
c. State of the substance {(supercooled
water and ice)
I1I. Liquid 1. Grawvity
Stresses in the ground during freezing
3. Capillary forces (movement through the
voids)
4. Forces of crystallization

I11. Soliag {ice) 1. Oulside pressure



















EXPERIMENTATION AND THEORY 47

Conseguently, in freezing ground we have stresses which are due either to the increase
of water volume when it changes into ice or to the pressure exerted by crystals during their
growth. Stresses within the ground during its freezing may be expected to move water in the
ground, or even masses of still unfrozen ground to a point where the resistance to pressure
is less than in the surrounding ground, and less than the stresses in the ground. In this
case, shifting of the ground in the direction of least resistance to pressure takes place.

In his experiments, Sumgin artificially created a less resistant mass within frozen soil.
In the center of a cylinder of soil, he placed a rubber ball fixed to a glass tube which pro-
truded from the cylinder. Both the rubber ball and the glass tube were filled with alcohol up
to a certain point. He used fine-grained sand for his experiments, moistened by capillary
action up to ite full moisture capacity, and then froze the sand with the ball inclosed {see

Figs. 21 and 22). 4[

The soil, freezing from all sides, developed irternal pres-
sure and deformed the rubber ball, pushing it in from one side
or from the bottom. The soil filied in the deformed parts of the
ball and cauged the alcohol to rise in the glass tube to a certain
height (Fig. 22).
0

The pressure developed during the freezing of water (in a
closed system) is illustrated by a simple experiment by Tsyto-
vich.! Water in small vessels was subjected to a temperature
of approximately -12C. After about 5 hr, the water froze along
the entire periphery of the vessel, but a small quantity of water
remained in the center enclosed on all sides by ice. The ice
exerteud pressure on the water, because, when a small crack
appeared in the ice, the water rushed through it forming a small
icicle or a sort of ice fountain. Everything emed to indicate
that this water was in a supercooled state (Fig., 23).

Figures 21 and 22.
Du:iing repeated experiments, the upper layer of ice was

pierced by a heated wire: in every case, the water inside the ice rushed out in the form

of a fountain through this opening.

We have already seen in Taber's experiments
that, under certain conditions, soil was extruded
from the cardboard cylinders during freezing,
often breaking the cylinders {see Fig. 13). This
and other experiments give visual proof of the
existence of pressure in the ground and of the de-
forination caused by this pressure (Fig. 24).

The idea of ground stresses during freezing
has received confirmation from a somewhat unex-
pected source during recent years. Seismologists
began to notice that their apparatus registered the
movements of the earth's crust in the fall during
freezing of the soil. They attributed these move-
ments to the action of {rost on soil.?

These extremely interesting observations
by seismologistssupport the observations of perma-
frost investigators that ground water often freezes
in the following order: cooling - supercooling —
formation of ice.

Figure 23. A small ice fountain
formed by the emergence In our opinion, it is this last phenomenon which
of supercooled water. produces the jolts registered by the seismographs.

1. N. A. Tsytovich, Nekotorye opyty opredeleniiu 8il emerzaniia. Materialy Fo issledo -
vaniiyu merziykh gruntoy (Experiments to reezing strength. teria or the
study of frozen ground), B:-:heten‘ Leningradekogo Instituta sooruzhenii (Bull. of Leningrad
Inst. of Construction), No. 25.

2. B. Gutenberg (1934) Stroenie zemi: (Structure of the earth). Moscow and Leningrad:
OUNTIL.




45 PRINCIPLES OF MECHANICS OF FROZEN GROUND

Figure 24. Left: Frozen cylinder,
half sand and half clay. Much
segregated ice in the clay but not in
the sand. Right: Differential dis-
placement of the cylinder due to ice
segregation in the clay, but not in
the sand. Cavity formed by dislodg-
ment of dry sand. (From Taber,
1929.)

Taber's assertion that under natural conditions the frec .y of ground takes place
exclusively® in open systems cannct be accepted, because he speaks of seasonal freezing
in those regions where permafrost does not ex:st. Seasonal {reezing in the permafrost
region takes place under the specific conditions of a closed system, as will be demonstrated
n i1ts prope: place.

Theary of ground heaving
In discussing the mechamsm and conditions of heaving, moisture maigration and
stresses n the ground during freezing will serve as the basic premises.

The term ground heaving 18 used in its general sense — a deformation of the ground
riace which consists of elevation of the surface and subse juent lowering. Such phenoi..ena

may aftect comparatively large areas measured in square kilometers or small areas
measured o square meters, As most heaves are associated with ground freezing, they
appear 1o the fall or winter and disappear during the spring, or, less often, in the summer,

depending on the clhimatic conditions.

Ihe term “heaving" in road building and construction practice is applied specifically
to the local elevation, and subsequent lowering, of the ground — which Taber calls
differential heaving.

A local elevation of ground surface which is usuall” accompanied by the formation of a
mourd 1s the first phase of the heaving phenomenon; the settling of the mound is the second
phase, which 18 completed by the drying up of the ground,

It necessary to distinguish between heaving without the inflow of water, and heaving
with water flowing from the out=ide into the freezing ground.

I'he fuirst type must be divided into two subgroups. In the first subgroup, water in the
ground freezes without being redistributed in the freezing ground; i.e. the water
{reezes in the ground according to the theory of moisture fixation in the ground).
As we pointed out above, such cases in their pure form do not exist in nature. But we
can visualize such a case theoretically and, in practice, place in this category cases in
which the water in a mass of frozen ground is extremely small in comparison with the
water frozen in place without migration. Such cases occur under natural conditions when a
comparatively thin layer of ground freegzes during extremely cold weather.

In the second subgroup, redistribution of moisture takes place in the frozen layer of
the ground. There uare three types of migration: {(a) migration of water only in the form of
vapor. (b) migration of water only in the hiquid state; (c) migration of water in both vapor

* |[Sic. See footnote p. 46. |
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EXPERIMENTATION AND THEORY 57

Figure 29. Bulgunizkh {icing) near the city of Yakutek.

Under the impact of hydrostatic pressure during winter freezing, the ground water
from the water-bearing horizon may cross over to the second terrace, pass through the
pebbles to the road, and form a mound right on the road or near it.

Brief mention must also be made of the mounds which last for many years and reach
a height of 40 m, known in the Yakutsk A.S.S.R. as "bul uniakhi". Up to this time, we
have discussed deformations of the ground, particularly mounds, which form in winter and
settie almost completely in summer. But there is a type of mound formation, the
“bulguniakh,” which continues growing for a number of years, reaches a height of 40 m,
according to the reports of investigators, and only then gradually disintegiates. Recently
Khmyznikov! has pointed out that the “bulguniakhi’ at the mouth of the Yana River are
remnants of the upper terrace {Fig. 29 and 30) and are not the results of the dynamic
processes which take place in the ground.

However, a number of investigators still
speak of bulguniakhi as frost mounds. Ii that
is the case, they are the most interesting for-
mations in the permafrost region, {or here
one phenomenon is periodically superimposed
on a similar phenomenon, producing a sum
total of great effect, although each phenomenon
taken separately is insignificant.

The formation of 40-m high mounds con-
taining ice lenses has been guestioned from
the physical-mechanical point of view. Since
the soil cover of the one-year mounds is often
cracked, it was questicned that the soil cover
of 40-m high mounds could remain uncracked
and not burst completely, exposing the ice
lens in it.

Figure 30. Bulguniakh in the
process of disintegration.

Theoretically, this is explained by the

1. P. K. Khmyznikov {1934) Gidrologiia basseina r. lany (Hydrology of the Yana River
basin). Leningrad: Izd. Akad. Nauk and GUSMP {Northern Sea Route Administration).

* Reviewer's note: Most of these forms do have cracks. In those that do not, turf and
soil may have slumped in to obscure the former crack.
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subject to heaving require special measures, discussed later. Preferably, these poor
building sites should be avoided.

A post in the Maritime Zone Soy Bean Experimental Station, located 8 km from the
city of Voroshilov in the Far East, is an example of heaving in an area without permafrost.

Near the nursery of this station, a post was sunk 40 to 50 ¢m into the ground. To a
depth of 90 cm, the soil was clayey sand, covered by a Jayer of sand 2 cm thick to facilitate
the work. The winter of 1932-33 was a severe one with an average air temperature of
-23.5C in January. At the beginning of the winter, the ground was supersaturated with
water; a thick layer of snow covered the unfrozen ground so that {reezing of the ground
started late. It had frozen to a depth of 10 cm by November 28, and to 20 cm by December
12. The following spring (1933), the post near the nursery had been heaved 20 cm out of
the ground (Fig. 32).

Similarly, according to lanovskii,! a barrel
of fuel almost completely buried in the ground in
the fall of 1930 in Ust'-Tsyl'ma on the Pechora
River, in the area of the Pechora Meteorological
Station, had been pushed out from the ground by
the spring of 1931 so that almost half of its height
was above the surface.

Figure 33 shows the distribution of frost
heave along the railways of European U.S5.5.R.,
from data compiled by S. L. Bastamov. The fol-
lowing conclusions may be made from this map:
frost heave is most frequent in the northwestern
portion of the European part of the Soviet Union;
in the southern half, it seldom occurs; and in the
deep south, it disappears completely.

However, these conclusions are valid only at
the present moment and may be changed later be-
cause there are no railways in the northeast where
permafrost exists, and few railroads in the south-
east, where there is considerable freezing though
the ground is dry. Figure 32. Post heaved 20 ¢cm
during winter of 1932-33 at the
Maritime Zone Soy Bean Exper -
imental Station (8 km from Voro-
shilov). Post had originally been

The permafrost region is the classic region driven in to the depth shown by
of ground heave, especially as far as the size of the line of white paint.
the mounds 18 concerned, but the frost mouands in
the permafrost region will be discussed in detail
in another chapter. Here, as an example, we will give briefly the resuits of Mironov's
observations? on ground heave in a test plot near Petrovsk-Zabaikal'skiy. The test area,
200 by 200 m, was on the left bank of the Balyaga River and some 200 to 300 m from it,
and was subdivided into sinaller plots. On the surface of these plots, permanent points
were established, and heaving was measured by leveling from a bench mark established
on a rock. This leveling was done twice a month (on the 5th and on the 20th) from October
19, 1930, to April 22, 1932. The entire area was on a slight incline, sloping toward the

Table 24 shows the small size of heaves in the
European part of the Soviet Union in comparison
with the icing mounds in the permairost regions.

1. V. K. lanovskii (1933) Ekspeditsiia na r. Pechoru po opredeleniiu iuzshnoi granits
vechnoi merzloty (Expedition to echora River to determine the southern %ﬂi_r_gl the

ermalirost ton.!. Trudy Komissil po izucheniu vechnol merzloty Akademil Nauk (Pro-
c..a.n.. of the Permairost Commission of the Academy of Sciences), tom 2.

2. A. F. Mironov (1534) Polevyeopyty inabliudeniia za pucheniem grunta i stoek na

opytnom uchastke Petrovskol merszlotnol stantsii (Field experiments and observations of
huvm' of ground and posts on the experimental p etrovek Permalrost Station),
Lngr. ‘net., sooruzh. (Leningrad construction institute], manuscript.
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Table 25.
" e
} % of fractions
Prn pe rties i_.-‘-—_—-r 777777 T i S ;—_ e

1 Clay | Silt i Sand

1. Grain-size composition {mm) ‘ | l

1-0.25 | 0.1 i 0.8 60.2

0.25 - 0.05 ‘ 0.4 ‘ 2.9 | 39.8

0.05 - 0.01 | 3.2 | 47.5 | .

0.01 - 0.005 ; 34.3 | 34.3 -

<0.005 _ 62.0 | 14.5 l -

11I. Capillary water capacity | 48.2 % 27.99 | 20.0

in volurne is insignificant — only 0. 4%. After 9 hr, volume increase ceased under the

conditions of the experiment. The curve of moisture distribution in the sandy soil 18 not
characteristic.

Silty soil. Moisture content during the experiment was 28%; the he:ght of the sample
was 35 mm. Freezing was from the top only. The curve of expansion (Fig. 36) shows first
a decrease in volume and then expansion, which proceeds rapidly and terminates after b to
7 hr. After 12 to 13 hr, the already frozen soil begins to contvact. The moisture curve 18
the characteristic curve of moisture redistribution in soil during {reezing. The total volume

increase is 1.27% of the original.

Glay. The initial moisture content was 48%, and the height of the sample was 95 mm.
As in the silty soil, a certain contraction takes place at first (less in the clay than in the
silt), followed by a gradual and even increase in volume which continves for a long time
(Fig. 37). The curve of moisture distribution is characteristic for the process of ground
freezing. The total increase in volume was 2. 38%.

The process of ground freezing from all sides at once was studied using Sumgin’s
apparatus {Fig. 38) which registered ground rise on the tape of a revolving cylinder.

Figure 34. Tsytovich apparatus for the study of ground heaving.
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Figure 39 shows curves of clay expansion —
first with freezing from the top only, and second,
with freezing from all sides. The second case shows
a sudden rise of the ground;! the nature of the curve
during {reezing from the top only was described above.

The difference between freezing soil from the
top only and from all sides manifests itself also in
the amount of expansion — it is greater in the latter
case.

From these tests, we see that the process of
swelling is different in sandy, silty, and clayey
ground. At the present time, however, these differ-
ences are not fully explained. Differences in amount
of bound water (water in molecular interaction with
the ground particles) and volume of the pores of
freezing in different types of ground are certainly
factors. Perhaps the unequal amount and distribu-
tion of air in frozen ground is also influential.

All these guestions require further study, espe-
cially because the results of different investigators
do not always agree. In particular, Vologdina did
not register the temperature jump during ground
freezing which was so sharply manifested in the
Andrianov experiment (see the beginning of this
chapter). However, this jump was not present in
all of Andrianc/'s experiments.

Figure 38. Sumgin apparatus for
the study of ground heaving,

Different types of ground will have different heave characteristics under natural condi-
tions also, bui this question has been little studied as yet.

Ground heaving under outside pressure "

Taberi conducted experiments with soil freez.ng “ 5 .
under outside pressure. ie constructed an apparatus “ 1 Freezing from all sides
in which soil samples could be frozen with practically #
no lateral support and under vertical pressure (Fig. o
40}. "

In one of his experiments, a cylinder, 6 cm in
diameter, was cut from hardened clay and placed on a
support with a perforated bottom. A strip of adhesive
tape, 2 cm wide, was wrapped around the bottem to
prevent the cylinder from softening after it was satu-
rated with water, and the cylinder was supported by
moist clay packed around it.

" Freezing from the top

EX PANSION { %)
=

o
The support and cylinder were placed in a large o
cardboard box, containing a layer of water-saturated ’
sand. Then oil was pourad into the cardboard box until J d U
level with the top of the cylinder. This oil did not HOURS

y t ure. g
ireeze even at the cold temperature Figure 39. Volume expansion of

The clay cylinder was covered by a .netal disk Cambrian clay during different
with a tight steel spring attached to the top in such a methods of freezing.
manner that it increased the pressure on the ground
as the soil expands. Above the apparatus, the amount

1. Such sudden heave was not observed in experiments with other clays frozen from all
sides,

2. S. Taber (1929) Frost heaving, Journal of Geology, vol. 37, no. 5, [p. 448-450].
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of heaving and the spring pressure on the scil were
recorded as the disk rises (Fig. 41)}.

This apparatus was buried in dry sand; the spring
was adjusted to 101 1b pressure on the cylinder; ana
then the soil was frozen from the top. After 5 hr,
the pressure decreased to 94 1b because of slow
failure of the cylinder, but the freezing process con-
tinued. Fifteen hr later heaving had restored the
original pressure of 101 1b, and the pressure con-
tinued to increase, reaching a maximum of 140 b
76 hr after the experiment siarted. As soon as
freezing penetrated to the bottom of the clay cylinder,
the pressure became constant.

Subsegquent study of the clay cylinder showed that
heaving was caused primarily by the {ormation of hori-
zontal veins of fibrous or columnar ice, up to 0.5
cm in thickness.

Taber made a series of experiments with this
apparatus. In one case the pressure reached 155 ps:
{11 kg/cm?) before the side walls of the cardboard
box broke (Figs. 42 and 43).

The clay as taken directly from the ground and
containing 20% water had a crushing strength of
200 psi. The maximum pressure developed by the
growing ice crystals must have reached more than
14 tons per sguare foot (14 kg/cm®). In some of the
experiments, the lower portions of the clay cylinders
without side supports were more or less shattered
by the pressure and formed typical breccias.

Figure 40. Apparatus for freezing
clay cylinders under pressure.
{(From Taber, 1929.)

This extremely interesting experiment by Taber furnishes an explanation for the
winter rise of buildings and structures, If the ground under the foundation begins to freeze,
then, according to Taber, the force of water crystailization may cause the elevation of
buildings and structures even if the ground freezes in an open system. Actually, the
pressure of the buildings and structures on the ground 1s usually 2 to 3 kg/cmét, while the
freezing ground may develop a force of more than 14 kg/cm? (the force which was measured
directly was smaller than the actual force).

Universal Deformation of the Earth's Surface

All that has been said above indicates that, in regions where the ground freezes to a
fa:rly considerable depth for a fairly long period and then thaws, the surface of the gronnd
experiences vertical and somet:mes also horizontal displacements. The basic cause of
such displacements, as we have seen, 18 the transition of water from the liquid state into
the solid state and vice versa.

A precise leveling in regions with geasonal freezing and thawing of ground e.g. from

.
Figure 41. Apparatus for freezing clay cylinders under
/ strong vertical pressure without lateral support (cross
section), G — clay cylinder; O — viscous o0il; W — sand
saturated with water; DD — steel disk; ¥ — steel spring;
S 2 M — graduated scale; S — dry sand. (From Taber, -1929.)
2 A = ¢

i I
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Vladivostok to Moscow, with one survey dur-
ing the summer and ancther during the winter,
would give different profiles for winter and
summer. The winter profile would show a
higher elevation at most points than the sum-
mer profile. Generally speaking, the differ-
ence would not be great: but it would be mea-
sured in centimeters in some places and in
meters at others. A second summer survey
would show very small differences from the
first summer survey.

Such seasonal variations of the surface
take place with the yearly change from win-
ter to summer in these regions.

Considering this gquestion more broadly,
there are other factors which cause vertical
and sometimes horizontal displacement of
the earch's surface. Subsidence of the ground
due to thermokarst and karst phenomena,
moistening and drying of loose ground, earth-
quakes, expansion and contraction of ground
when heated and cooled, and other conditions
may be included in this category.

Figure 42. Left: Clay cylinder frozen
under great pressure, showing ice veins
and faults. Right: Clay cylinder frozen
under great pressure, showing breccia.
Most of these factors are important {From Taber, 1929.}
throughout the whole world. Therefore, we
can speak of the universality of deformation of the earth's surface. This has been pointed
out before by geologists and seismclogists, mainly cn the basis of seismic phenomena.
1. V. Mushketov, in his Physical Geology, says that people are accustomed to consider the
surface of the dry land ''a symbol of durability and immobility, " contrasting it with water
and air which are in constant motion, although careful investigation shows that the land
surface also fluctuates constantly.

In the chain of factors giving rise to this universal deformation, we incluae the freezing
and thawing of the soil. Also, we consider this phenomenon from the standpoint of the
stability of buildings and other structures, which is affected by the intensity, duration, and
frequency of heaving on one hand, and the character of the structure, on the other hand.

For instance, a shepherd's hut remains intact even during
a very strong earthquake {except for such catastrophies as
the Lisbon earthquake), but the work of a seismic pendulum
would be disrupted even in a building erected on rock on the
shores of the ocecan, because the force of the waves would
shake the rock, the foundations of the building, and with
them, consequently, the seismographic apparatus.

Conseguently, when planning buildings and structures.
it is always necessary to keep in mind the universality of
the deformation of the ground surface and the fact that, for
the region of permafrost distribution, the greatest signifi-
cance lies in the deformation caused by the freezing and
thawing of the ground connected with the transition of water
from the liquid to the solid state, and vice versa.

This brings about deformation of buildings and other
structures; a sufficient number of examples will be given
later,

Figure 43. Clay cylinder

frozen under strong verti-
cal pressure with no later-
al support. (From Taber,
1929.)
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The sample is disk-shaped, with a centered,
circular shear surface. A thermocouple was ~
placed in the center of the sample to determine the
temperature of the ground during the test. In addi-
tion, steps were taken to insure that shear oc~
curred along the designated cylindrical surface
(such as fixation of the rims of the sample, a pro-
truding central section, etc.).}

During the testing, the basic type of deforma-
tién was shear, as can be clearly seen in Figure 53,
To facilitate cbeervation, the sample was photo-
graphed upside down.

Effect of negative temperatures

£r te-

Figure 52. Mold for testing shear
strength of frozen ground; 1) ring;
2) bottom plate; 3) lower insert;
4) slot for the thermocouple; 5) up-
per insert; 6) bushing; 7) cover;
8) bolt; 9} nut,

Table 41 lists the results of shear strength
tests of frozen clay and #ilty sand in relation to
temperature. Results of experiments with pure
artificial ice are also given. In preparing the
samples. the moisture content was brought to a
point close to the initial moisture content, accord-
ing to the compression curve; il torresponded to a
complete filling of the voids with water in the li-
quid state.

The frozen ground tested had considerable
shear strength, varying from 3.7 to 48.5 kg/cm?,
depending on the temperature. These large values
were obtained when the rate of the load increase
was about 3.7 to 4.3 kg/sec; at lower rates of
load increase, the shear strength of frozen ground
18 smaller.

It is concluded, after comparison with other
data, that the ultimate shear strength given for
pure, artificial ice is somewhat large. According
to Pinegin's data (see Ch. 1), shear strength of
natural ice at temperatures from 0C to -23C

Figure 53. Shear deformation of a sample of
frozen ground.

1. For details, see Sheikov, op. cit.
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134 EXPERIMENTATION AND THEORY

general validity. We think, nevertheless, that the order of the valuesg obtained and the
basic factors affecting deformations oi frozen ground have been established.

Further experiments with natural samples of permafrost and experiments under field
conditions will probably render the data more precise, and will introduce appropriate
corrections.

Elastic Deformation of Frozen Ground

lLaboratory experiments

Laboratory experiments were conducted on the dependence of elastic ceformation on a
number of factors {temperature, muisturt, grain-size composition of the soil), using arti-
ficially frozen samples of four typical soils of the permafrost regions, !

Laboratory experiments make it possible to expose the samples to conditions desired
by the experimenter. In addition, they furnish material for the methodology of setting up
field experiments and indicate the points to which attention should be given in field investi-
gations.

The tests described below used frozen soil with a moisture content closely correspond-
ing to complete ice saturation of the pores. Soil with the required moisture content was
placed in removable metal molds (20 x 20 x 20 cm). Thermocouples were placed at four
points inside the sample; then the sample was frozen and, to ensure the required negative
temperature, was kept for 12 to 14 hr in an 2utomatically regulated insulated chamber.

During the test, the cube of frozen ground was placed in an insulated box with hollow
walls. The walls of the box, and the base and die of the press, were cooled by denatured
aluchol at a negative temperature.

Figure £3 shows & cross section of the insulated box. Figure 64 shows a photograph
of the entire set :p used in the experiments {150-ton press, insulated box, galvanometer
for reading the thermocouples, the melting ice for thermocouple reading a: the zero point
for control, etc.).

Fig re 64. Sectup of experiments measuring the elastic
and plastic deformation of frozen grounds.

1. For physical properties of the so:l used :n this study, see Table 52.
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Figure 67. Sample of ice after failure by torsion.

Figure 68, Setup for torsion experiments.

tance apart. Knowing the angle of torsion and from the experiment, the moment of tor-
sion, as well as the distance between the sections and the diameter of the sample, the mod-
ulus of elasticity in shear, G, of the frozen ground was calculated. From the shear modu>
lus, Poisson's ratio was computed {rom the relationship well known from the theory of the
resistance of materials:
E
Gs= W)

where G is the shear modulus, u is Poisson's ratio, and E is Young's modulus,

Practical application of the above equation proved to be extremely difficult since, to
calculate Poisson's ratio, it is necessary to kaow Young's modulus, which is determined
under precisely the same conditions as the shear modulus, and could not always be deter-
mined

'.LQ';‘%-- A : L ET——— TR NI ENER S


































152 PRINCIPLES OF MECHANICS OF FROZEN GROUND

Figure 75. Apparatus for studying the settling of
the frozen ground during uniform thawing unde:

load without lateral expansion.

The scil temperature during thaw-
ing was measured with thermocouples
in the upper, lower, and middle parts
of the soil. A Zeiss measuring in-
strument set on brackets screwed to
the apparatus was used to measure the
settling.

The copper cylinder was surround-
ed on the outside with a mixture of ice
and salt which thawed gradually. Tests
on the thermal repgime within the soil
sample, using thermocouples at nine
points instead of three, show that, as
a first approximation, we can consider
the thawing of the ground to be uni-
form.

The die was subjected to a uni-
formly distributed load of 3 kg/cm? in
the Lubny-Gertsyk press {(Fig. 7€),

The tests on sand were conducted
as follows: The assembled apparatus
was filled with water, a specific quan-
tity of dry sand poured in, and the

excess water removed with filter paper. The thermocouples were set while the sand was

poured. Then, the sand in the apparatus was compacted under a load of 1 or 2 kg/cm'

? and

placed in a refrigeration chamber to freeze for 2 days. After freezing, the apparatus was

placed in a metal box {Fig. 76) and surround-
ed by the cooling mixture., Two measuring
instruments were attached and a load of 3
kg/cm® wae applied on the die., During the
entire time of thawing, the settling was ob-
served and the temperature of the sc:] meas-
ured by thermocouples.

Both before the tests and after the ces-
sation of settling, the soil usecd was weighed,
the initial and final height of the ground was
measured, and the average moisture con-
tent by volume (5 to 6 determinations) of the
s#0il sample was calculated.

The same type of apparatus was used
for testing clay. The clay was moistened
to the upper flow limit, and a certain gquan-
tity of it placed in the apparatus. Two layers
of filter paper were placed on top of the clay
and a compressing load was applied to the
surface of the clay by a filter die. This load
was maintained until settling ceased, thus
preparing a sample of clay with a predester-
mined moisture content, The apparatus with
the packed clay was placed in a refrigeration
chamber for Z days. After the soil {rose,
clay settling during thawing was studied by
the same method used for sand,

Swelling of the scil was observed during
the process of freesing and caused certain de-
viations from observed settiing in the con-
trol tests.

Figure 76, Test of a sample of frozsen
ground on the Lubny-Gertsyk press.
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TIME (MIN} The teste were made with a lever press, and
/ w 2 o the ground was insulated on the side* and the bottom.
Settling during the experiment was measured by two
Zeiss apparatus and the mean of the readings was
;! ok calculated.
b3 Soil temperature was measured at ten points
| ) N at the same time intervals as the settling. The
bl | [ thermocouples were placed along a vertical repre-
o senting the center of gravity of the base area and
é 20 also at a distance of 7 cm from that vertical.
: \ Figure 79 shows the arrangement of the appara-
W N tis in the second series of experiments., Altogether
R four tests were made: tests 1 and IV with sand, and
: \ b tests 11 and 111 with clay.
Clay
371 .~ R b The results are summarized in Tables 68 and
\_. 69. Table 68 gives the results of the tests with
~ compacted sand, with a pressure below critical on
Figure 78. Settling of a rigid die the die. Table 69 shows the results of experiments
on thawing clay, with no lateral with sand and clay under a pressure which was above
expangion, critical for the thawed condition of ground,

Table 6B gives the results of test I, with thaw-
ing frozen sand and a constant load of 3 kg/cm?. Comglete cessation of settling was ob-
served during this experiment. The initial state of the ground is also described.

The init:al coefficient of porosity of the
frozen sancC was ¢, = 0,75, With an increase
in pressure of 3 kg/cm?, the ceefiicient of
porosity decreases, according to tests made
previously, to ¢ = 0,64 (see tests 3 and 4
in Table 66).

If we calculate settling of the die from
eq 41, the question arises 28 to what soil
thickness we should use. I"or example, if
we use the full thickness, h = 25 cm, we
obtain

':25%215'7mm'

However, the test shows that s = 3,814
mm (Table 68).

Thus, we clearly see that under no cir-
cumstances should the total thickness of the
soil layer be used in the eguation.

Let us apply the previously worked-
out method of an equivalent layer of ground.
Computed thickness of the equivalent layer,
i.e., of a layer whose settling, with no
lateral expansion, will be egual to the set-
tling of the die, may be expressed as follows:!

Figure 79. Apparatus for studying the
h. = Awyd settling of a rigid die on thawing ground
with limited lateral expansion,

1. N. A. Tsytovich (1934) Raschet osadok fundamentov, kak funktsii vremeni, svoisty
grunta i rasmerov fundamentov (Calculation ol foundation seitling as a function of time,
ground properties, and dimensions ol foundation), Leningrad. Inst. socoruzh,

v it b

- | e T ayee _1
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Figure 115, Cave-in lake in the Far East,
{Photo by A. N. Tolstoy).

the Arctic Circle, in Transbaikal in the Tor-Tunkin valley, and in the southern regions of
the Far East (Fig. 115).

There 18 a connection between burizd ice and collapse phenomana. Where there is
buried ice, expect collapse phenomena; where there are cave-in lakes, expect to find
buried ice,

in our brief account we have described only the most important features of the perma-
frost area which are particularly pertinent to the problems of building and construction.
in summary, we can say the following:

Water in its solid state contained in ground of the permafrost area i1s a permanent
integral part of that ground.

In places {and freguently in large areas) the ice occurs in thick layers of 20-30-40 m
or more,

The physical-mechanical processes in the upper part of the lithosphere are character-
ized by exceptional intensity; consequently, the deformation of the soil reaches tremen-
dous proportions. In the permafrost area, we often encounter places where the surface of
the earth rises in winter, forming mounds varying from almost unnoticeable centimeters
to several meters in height,or shifting laterally.? The stresses in the soils manifest them-
selves in shifting of the ground water and "plyvun, "* The presence of constant negative
temperatures in the ground makes the hydrological regime of the permairostarea unique.

For the planning of buildings, special approaches are essential, Particularly, heat
must be considered as an external force affecting the ground and thus the buildings. Very
often the construction engineer is confronted with conditions that make it difficult and un-
profitable to combat deformation by technical means. Then, the engineer must create
conditions where the natural forces which wiil affect the construction will be counteracted
by other natural forces.

1. See above -~ section on general deformation of the soil surface (Ch, 1I).

* | Thawed ground of mud consistency, }
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he post s somewhat puliead t by the swelling frozen ground, leaving ar empty space be
neath 1t which either stays empty (fille nly by air is filled by water or ground and
water

f{ter the grour eezes s base, the post will rise with the g nd as [reezing
penetrates deeper; that is, if the moisture of the ground under the post is greater than the

al heaving moistu; When the wiite roze layer

of the ground reaches the perma
frost, or the freezing of the

g id ceases, heaving of the post stops

Post heaving was studied at the permafrost station of Petrovsk-Zabaykal'skiy Posts

ade of separate vertical sections placed one p of the other were sunk into the ground

As a result of heaving, the sections separated, as shown in Figures 123a and 123b

Figure 123a. A sectional post which Figure 123b. A sectional post which
was sunk into the ground and separat- ~as sunk into the ground and separat-
ed by heaving Petrovek-Zabaykal'- ed by heaving. Petrovsk-Zabaykal'-
skiy Photo by A. F. Mironov skiy Photo by A. F. Mironov

The photographs and the following descr

were taken from the report by A. F
M nov:l “In Anril, 1932, when some of the jointed posts were dug out, the following
phenomena were observed

' Separat

ion of the joints varied from 13.5 up to 38.0 ¢m depending on the depth of the
nt in the ground Where joints were inside the frozen layer of the ground, the deeper
the joint, the greater the separatior

The joint of post no. 59 was at the boundary of the {rozen ground. When it was dug out
the separation was equal to the vertical displacement of the upper part of the post (accord
ng to the leveling data, 38 cm) Therefore, the layer. of the ground below the layer of
seasonal freezing had no vertical displacement; that is, they did not heave."

| A. F Mironov op. cit
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Figure 139. Crack and settling in the concrete floor of the
Anadyr' fish cannery. The rulers show the amount of set-
tling of the floor of the building. Photo by §. P. Kachurin.

the south wall, the ground under this foundation will have a very low bearing capacity,
very often smaller than estimated, and the building will settle toward the south. All in-
vestigators of buildings and structures in permafrost areas have noted this, often even
when the buildings were apparently erected with some precautions. Neczhdanovi says
that at the Mogzon Transbaikal Railroad Station

“almost all the structures are damaged because of heaving
or settling of the foundations; the walls which face south
and the main walle of buildings settle especially. Cement
foundations 1 m deep in the ground were disrupted during
the very first year of service. The middle settled and the
structures took on the characteristic appearance of being
broken in the middle.

“In building the railroad station at Mogson, some measures
were taken to protect the foundation against settling. A
sandy pebble base was used under the foundation. The
layer of sand was 2.56 m wide and 0. 85 m thick. Above
the layer of sand a concrete block, 0. 64 m thick, was
placed under all the walls and reinforced by rails. A rub-
ble foundation of trapezoidal profile was built on this block
to a height of 2.24 m. The general depth of the foundation
pit was 3. 73 m. The ground in the pit was composed of
pebbles and sand, mixed with some #ilt highly saturated
with water. Building was begun in 1908 and was finished in
1909. During the first 5 years of service, no defects in the
condition of this building were noticed. But then, settling
of the center wall on the south side under the heaviest part
of the building was noticed. Two vertical cracks appeared

1. N. 1. Nezhdanov (1931) "Iz opyta ustroistva fundamentov sdanii v usloviiakh vechnoi
merzloty (Experiences of constructing building foundations under permafrost conditions), "
Inst. puti NKPS, sb. 8,
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B. Freezing of the ground under the foundation in an open systemn In this case, we will

have freezing of ground under the pressure of the weight of the building or sitructure
Taber's experiments showed that in such cases heaving stress could develop up w0 14

kg/cm?, Therefore, even if the ground under the foundation freezes in an open system,

considerable swelling forces could develop and building foundations could be deformed.

From the above, it is clear that freezing of the ground under the foundation, in general,
is a very dangerous phenomenon. This is the reason for the established practical rule that
foundations should be laid below the level of winter freezing.'

It is not uncommon in permafrost regions for a large amount of water to gather in the
cup of thawed ground under the building or construction. This is not water from surround-
ing areas which supersaturates the ground under the building, but water from a ground
stream. During the summer, this ground stream runs somewhere near the building. When
the stream freezes in winter, it develops pressure, and the water, loocking for an exit, is
directed under a building or structure where there is thawed ground. If the ground stream
is not very large, the water accumulates under the floor as if in a reservoir; if the build-
ing is not heated all winter, part of the water freezes under the building and part of the
water flows out of the windows or different cracks and holes in the building and freezes
When there is a large amount of wate: in the stream, the water spouts out from under the
building all winter. Thus, Nezhdanov? describing deformation of the buildings in Mogzon,
says — "during the winter water rose in the cellars above ground level. There were ex-
amples where the water poured out from loosely plugged up vents 0.4 m above the ground,
and froze in the form of an icing."

Figure 140. This was a railroad bath house which filled
with ice. The bath house was dismantled and the ice car
be seen on the left side of the illustration.

Descriptions of such cases are common in the literature on permafrost. During the
summer, the frosen ground which had dammed the ground stream thaws, and the water
flows from beneath the building back to its original bed. The picture repeats itself the
following winter,

1. Lately, some have expressed the opinion that foundations should be laid at a depth
less than the depth of winter freesing of the ground. It seerms to us that the physical basis
for this op.nion is the concept that ground under the base of the foundation of heated build-
ings freezes at a shallower depth than in normal conditions. This problem has not been

studied.

: B 5
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First, we consider buildinge which do not have a foundation in the ground. These
would be, primarily, wocden darns and houses, built on wooden foundations of “ifferent
types and on crib bridges. Such structures, says Fink, "are heaved exclusiveiy by the
forces applied to the base of the support. When the ground thaws completely, there is
no residual heaving, and the structure settles completely with the ground under it. "

To this, we must add that the ground, and the building, does not always return to the
original position after heaving. Washing-in and washing-out of particles occurs in the
ground and, in individual cases, affects the structure (particularly bridges with crib sup-
ports). In addition, heaving i# not uniform throughout the whole structure, so that the
structural balance is disturbed.

Structures with foundations in the ground are affected, in general, in the same way
as posts. The stresses of ground freezing act upon the construction through the adireez-
ing strength., The point of application is on the side surface of the foundation; lifting and
breaking of the foundation occurs, just as with jointed piles. Only when the ground freezes
below the foundation are the forces applied at the base as well. Just as with posts, we
have to consider the forces which counteract the heaving forces. These are the adfrees-
ing forces of the foundation with the permafrost.

When the ground thaws, the structure setties, but usually only partially, as was dis-
cussed above. Fink calls this partial settling of the building "residual heave.

Thus, buildings constructed under permafrost conditions could settie because the
thawed ground under the foundation loses its bearing capacity; or they could be heaved ocut
of the grouud upon freezing. In either case, the building or structure exhibits vertical
displacement, which is so dangerous to its stability, especially when this phenomenon re-
peats itself.

We have given enough examples of deformation of structures due to the effects of set-
tling and heaving. Such deformations are more or less explained.

Where there is permafrost and deep winter freezing of the ground, deformation can
be caused by two other factors. The first is the lateral pressure of expanding freezing
ground. This factor is a subject of argument: some recognize it as a deforming force on
buildings and structures and some do not. We think that these lateral forces exist in
wermafrost regions and regions of deep winter freezing of the ground. However, decisive
experiments and observations in this direction are needed.

The second cause is the sliding of the structure on the sloping surface of permafrost.

Figure 142. Forest growing on a slowly sliding slope.








































































































































