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CHAPTER VI. LAWS OF DEFORMATION AND RESISTANCE 105

at a given temperature and pressure (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). The
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 information 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 refro-
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 8 = =0.4C) 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
displacement 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 strsssed zone (exper-
iment 5; p = 13 kg/cmé; 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).

amount 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. However, 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.





















































































134 RHECLOGICAL PROPERTIES AND BEARING CAPACITY OF FROZEN SOILS

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, and at punch no. 1 it was even + 0.05 C. Later, the

temperature reached its natural valuc. 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

-0.1C 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 heaw—
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 © = 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

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
2lc, p - 0 - 18 kg/cm?, 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/cm4; the time t is the total duration of
the tests. -
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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 mm. The soil:
varved clay, 8 = -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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Figure 45. A sactioned 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, 3xper1n.nt 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 18, 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 densification. 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 s6il, 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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Table 36. Experimental and analytical ¥a1ues of the limiting stress
Plim (kg/cm?)
Experimental Analytical
No. of the Soil values values
experiment
Plim Ce | 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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Figure 59. Cross-sections of soil along piles
placed in frozen soil by different methods. a) By

. hand into a steamed holesof diameter ater than

the pile diameter; the steaming zone is clearly
visible. b) With the pile driven into the steamed hole, of diameter
smaller than the pile diameter; the steaming zone 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 drilled
hole; around the surface of the pile are visible deformations of the soil
and ice layers.
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Figure 60. The redistribution of moisture during the freezing

of argillaceous soil around the model piles. The initial moisture
content of the steamed soil equalled: a) 80%; b) 110%; c) 1u45%
(the piles are 35 mm in diam).

moisture content of the frozen soil turned out to be approximately the
same and close to wpn = 40 to u5%.

Initial moisture content, % . . . 80 110 145 155 160 260
Final moisture content, % . . . . 40 L6 50 u6 51 L6

It is significant that the amount (36%Y of non-frozen water in the

steamed, and on the other hand, frozen soil around the piles is approxi-








































































































































