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classification of heaving soils, The studied clay soil samples had water content of 21.3 % and 22.8 %, dry density
closed system. of 1.80 g/cm3 and 1.68 g/cm3, porosity factor of 0.50 and 0.60, respectively. Soil tests

were carried out in a freezer on an installation designed by the authors and including
3 cells covered with a layer of thermal insulation and equipped with electronic tempera-
ture and displacement sensors which provide automatic recording of readings. The ex-
periments were carried out according to three schemes, in two of which waterproof mem-
branes were placed in the samples at different depths. Based on the results of the ex-
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MHOEKC MUTPALIUU BJTATU KAK XAPAKTEPUCTUKA NMYYUHUCTOCTU TPYHTOB

A.A. KopwyHoB, C.B. YypkuH, A.Jl. HeB3opoB

CeBepHbIn (ApkTudeckuin) oegepanbHbii yHuBepcuTteT nmenn M.B. JlomoHocoBa,
ApxaHrenbck, Poccuiickas denepaums

O CTATBE

AHHOTALUWA

Monyyena: 25 masa 2024
OpobpeHa: 10 nona 2024
MpuHATa k nybnukayuu:

Mopo3Hoe ny4eHne TMUHUCTBIX TPYHTOB MOXET CrocOBCTBOBaTb PasBUTMIO 3HAYM-
TenbHbIX AedopMauuin 1 MOBUNU3aLMKM KacaTenbHbIX CUM NMPU NPOMEP3aHUK TPYHTOB B
CE30HHO-TasIoOM Croe MHOrofieTHEMEP3MbIX FPYHTOB WKW Ha CE30HHO MNPOMEP3aloLLnX

27 ceHTAbps 2024 rPyHTax. CyLLl,eCTByI'OLIJ,VIe XapaKkTepuctukm Ana OoueHKU NYyHUHUCTOCTU TPYHTOB 3HaAYU-

TeNbHO OTNMYaTCst N0 MeToAaM WX OonpeferieHnst No MexayHapoAHbIM U POCCUNCKUM
cTtaHgapTaMm. Mpouecc MOpo3HOro nyveHunsi obycnosneH 06bLeMOM Bnaru, NOCTYNUBLLEN K
hPOHTY NpOMepP3aHns, U CKOPOCTbIO Npomep3aHus rpyHTa. Llenbto nccneposaHus sens-
eTcsl yCTaHOBMEeHWe KnaccuukauMoHHOro nokasartensi, onpeaensieMoro no WHTEHCUB-
HOCTV MUrpaLuy Braru kK poHTY NpoMep3aHusi, B YCIOBUSIX 3aKPbITON CUCTEMBI.

WccnegoBaHHble 0bpasLbl MNMHUCTBIX FPYHTOB UMenu BriaxHocTb 21,3 n 22,8 %,
nnoTHocTb ckeneta 1,80 u 1,68 ricm’, koadpumumeHT nopuctoctn 0,50 n 0,60 coot-
BETCTBEHHO. VIcnbITaHUsi TPYHTOB BbLIMOSHANMW B MOPO3UMbHON Kamepe Ha YCTaHOBKE,
CKOHCTPYVMPOBaHHOWM aBTOpaMu U BKITOYAIOLLEN TPU SIMENKM, MOKPbIThIE CIIOEM TEMMON30Ss-
LW N OCHALLEHHbIE 3NEKTPOHHLIMM AaTyvKamy TeMrnepaTtypbl 1 nepemelleHuii, obecneym-
BalOLLMMM 3anMUCb MOKa3aHUii B aBTOMATUYECKOM pexmme. OKCNepuMeHTbl MPOBOAUNM MO
TPEM CXeMaMm, B [ABYX M3 KOTOPbIX B obpasuax 6binu pasMelleHbl BOAOHENPOHULIEEMbIE
MeMbpaHbl Ha pa3nuyHou rnybuHe. Mo pesynbTatam 3KCNEPUMEHTOB MOMyYeHbl XapakTep-
Hble KpuBble AedbopMaLnii MyYeHUst 1 NpoMep3aHusi, a Takke nepepacnpegeneHe Bnarv B
obpasuax. Mo BenuuuHe nepepacnpefeneHnsl BnarM paccuntaH NpuBeAEHHbIN MHAOEKC
Murpauum Bnaru, Kotopbii Bapbupyetcsa ot 0,006 go 0,088 cyT‘1. MMony4yeHa cteneHHas
3aBWCMMOCTb MPUBEAEHHOTO MHAEKCa MurpaumMm OT CKOPOCTM MpOMep3aHusi, koTopas
MoXeT ObITb MCMonb3oBaHa AN YWCMEHHOTO MOAENUPOBAHUS HanpsKeHHO-AedopMu-
POBaHHOIO COCTOSIHUSI MPOMEP3atoLLMX MYYUHUCTBIX FPYHTOB.

Knrouesnbie criosa:

MOPO3HOE NyyeHue, Murpauus
Bnaru, (opoHT NpoMep3aHus,
CKOPOCTb MPOMep3aHus,
KnaccuuKaumusa nyYnHUCTbIX
TPYHTOB, 3aKpbITas cUcTema.

Introduction

According to the results of research published in the UN report on the problems of sustain-
able development the global average annual temperature on the planet has increased by 1.1 °C
over the past 70 years [1]. This trend poses the greatest danger to the areas of permafrost distribu-
tion where from 30 to 50 % of infrastructure facilities fall into the zone of active influence of
climate change [2-5]. The consequence of temperature increase is not only the precipitation of
buildings and structures caused by the degradation of permafrost, but also the outgrowth of frost
heave deformation of soils associated with the larger depth of seasonal freezing-thawing. Frost
heave can lead to the uplift of oil and gas pipeline supports, pile foundations of low-rise build-
ings, deformation of highways and hydraulic structures. That is why the improvement of the ac-
curacy of soil frost heave assessment is becoming the most important task.

To date, many devices have been developed to study frost heaving of soils [6-8]. As a rule,
cylindrical specimens with a diameter of 5 to 15 cm are tested; the ratio of their height to diame-
ter usually varies from 0.5 to 3. The specimens are placed in a cylinder tube covered with a layer
of thermal insulation, which provides a predominantly upward-directed heat flow, and they are
freely fed with water from below.

It should be noted that, in addition to the variety of applied devices and methods, in the in-
ternational and Russian practice different indicators of soils classification according to the degree
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of heaving are used. In particular, in the regulatory documents of Russia and Great Britain it is
used relative deformation of heaving, in the USA — heaving rate [6, 9-11]. The indicator called
segregation potential has become widespread; it is calculated as the ratio of the moisture migra-
tion rate in the sample to the temperature gradient within the frost penetration rim [9, 12-16]. It
should be noted that its calculation causes certain difficulties in determining the thickness of the
freezing rim, since it is impossible to perform its direct measurements during the experiment.

The forecast ofingfrost heave deformations should be based on the analysis of this very
complex and multifactorial natural process. It is known that during freezing three zones are con-
ventionally formed in the soil — frozen, freezing (transitional) and thawed. Owing to low water
permeability of frozen soil and insignificant amount of unfrozen moisture the first zone is charac-
terized by almost complete absence of moisture transfer. In the freezing zone, intensive phase
transitions take place, and changes in the moisture potential lead to its migration from the thawed
zone. The degree of compensation of the changing potential is determined by the ability of the
soil of the thawed zone to give up a certain amount of pore moisture. Moisture migrating from the
upper part of the thawed zone forms ice lenses, causing ground heaving. In addition to the inten-
sity of moisture migration, the size of lenses and their growth rate are also determined by the rate
of freezing front movement. At high freezing rate moisture does not have time to migrate to the
freezing front, and it is observed predominantly freezing of moisture contained in pores Small
temperature gradients, on the contrary, provide an opportunity for more moisture to enter the
freezing zone and the development of frost heave deformations. Thus, the results of the tests on
the soil heaving according to the existing methods are determined not only by the properties of
the soil itself, but also by external factors — temperature gradient and conditions of the sample
feeding (under constant load).

The application of the reduced migration index as a classification index, which the authors pro-
pose to determine according to a closed scheme, without feeding the sample with water, will make
possible to reduce the influence of the above mentioned factors in the assessment of the soil heaving.

Methods of the experiment

The study of moisture migration during freezing was carried out on samples of clayey soils
taken in the Arkhangelsk Region; their properties are presented in the Table. Tests were carried
out on specimens with a diameter of 100 mm and a height of 150 mm.

Physical properties of soils

Pu3nuecKue XapaKTEPUCTUKU TPYHTOB

nif;ftir Names of Physical properties (E%alli}il) L((])EaglEs_gl)l
1 Water content, W, % 21,3 22,8
2 |Plastic limit, PL, % 18,5 15,0
3 |Liquid limit, LL, % 45,0 31,7
4  [Plasticity index, PI, % 26,5 16,7
5 |Bulk density, p, g/cm3 2,18 2,06
6 |Specific gravity, p,, g/cm’ 2,71 2,67
7  |Dry density, py, g/lcm’ 1,80 1,68
9 |Porosity factor, e 0,50 0,60
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The unit for studying frost heaving, presented in Fig. 1, allows testing three samples si-
maltaneously. The sample cell is made of rigid polyurethane foam with a wall thickness of 40
mm. The lower end of the cell shall be covered with a waterproof film in a closed circuit test
or shall remain open in a water-fed test. The cell with soil is installed on a sandy base
equipped with a heating cable. The temperature at the lower end of the sample is maintained
at +2...+4 °C. Temperature sensors are placed inside the sample with 50 mm spacing, as well
as under the die. To control soil moisture, an electrical resistance measurement system is
used. Electrodes for resistance measurement are placed along the height of the specimen also
in 50 mm increments. During the tests the unit is located in a freezing chamber in which the
temperature +1...+2 °C is maintained during pre-cooling of samples and minus 3...6 °C —
during their freezing. Along the lateral surface, the cell with the soil was covered with addi-
tional polyethylene pipe insulation to exclude heat losses through the places of installation of
temperature and resistance sensors.

Fig. 1. Installation for heaving study: a — general view; b — test cell

Puc. 1. YcranoBka Jyis UCCAeA0BaHUS My4YeHUs: g — OOLIUH BHI;
b — sueiika [UId UCUBITAHUN

The unit allows automatic recording of displacement and temperature sensor readings. Dis-
placement sensors provide measurements with an accuracy of = 0,001 mm, temperature sensors —
+0,1°C.

The studies were carried out according to the closed scheme, excluding the influence of the
conditions of the samples feeding on frost heaving. Under conditions of steady heat flow, when
the temperature gradient is constant, the migration intensity should be considered as a characteris-
tic of soil heaving, which is conditioned solely by the nature of the soil itself, in particular, its
mineralogical composition and physical properties.

The samples were kept in the chamber until they reached a temperature of +1...+2 °C, after
that the freezing of samples was started. The temperature in the freezing chamber was regulated
in such a way as to ensure a freezing rate of 5-20 mm/day at the initial stage.

Further experiments were performed according to three schemes. In the first of them, the
freezing front in clay samples (EGE-1) was stopped at a given depth and the frost heave de-
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formations were observed. In the second scheme, a waterproof membrane was placed in the
loam samples (EGE-2) at a depth of 50 mm from the top face. In the third test scheme water-
proof membranes were installed in loam samples (EGE-2) at a depth of 50 and 100 mm from
the upper end. After stabilizing the position of the freezing front (according to the first
scheme) or reaching the freezing depth of 90... 100 mm (according to the second and third
schemes) the experiment was completed and the samples were removed from the device to
control the distribution of moisture in the sample. On the extracted samples, the cryogenic
texture was carefully studied and the moisture was determined from the height of the samples
at 15... 20 mm intervals.

Results

In experiments on freezing samples according to a closed scheme a monotonic increase in
heaving deformations is observed under conditions when the freezing front is practically stopped
(the freezing rate did not exceed 0.3... 0.5 mm/day) (Fig. 2). This is explained by the formation
of lenses due to migration to the freezing front. The study of the samples after the experiment
showed the presence of ice schliers in them with a thickness of 0.5... 2.0 mm (Fig. 3). The mois-
ture profile of one of the samples is shown in Fig. 4.

The monotony of the increment of heaving deformations is caused exclusively by the
redistribution of pore moisture due to changes in the moisture potential during freezing and
the appearance of absorption forces. The intensity of the migration flow under the condi-
tions of a freeze front stop characterizes the ability of the soil to transport pore moisture to
the freezing zone.
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Fig. 2. Heaving and freezing curves of the sample (EGE-1): / — general heaving deformations;
2 — heaving deformations caused by freezing of initial pore moisture
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Thickness 0.5-1 mm

Thickness 1-1.5 mm Thickness 2-2.5 mm

Fig. 3. A sample of clayey soil after freezing according to scheme 1
Puc. 3. O6pazen rmuHUCTOTO TPYHTA TOCIIE TPOMEP3AaHUS IO cxeme |
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Fig. 4. Moisture profile. Test Scheme 1
Puc. 4. [Ipopuns BnaxHocTH. CxeMa ucmblTaHuH 1

The results of freezing of samples with waterproof membranes placed at a depth of 50 mm
showed that at freezing rate equal to 4-6 mm/day the change in sample moisture content due to
migration is (79,8...84,2)- 10 g/y (Fig. 5). At the rate of 16...19 mm/day the amount of migrated
moisture amounted to (4,8...5,0)-10~ g/y, which stipulated by low water permeability of clayey
soils and high rate of movement of the freezing front. The characteristic moisture profile of the
samples during testing according to scheme 2 is presented in Fig. 6.

Heaving of the upper part of the samples (above the waterproof membrane) develops more in-
tensively in the initial period of time, which is characterized by a rapid pulling of moisture to the
freezing front. Further, the heaving rate slows down sharply, which is due to the depletion of the
pore moisture reserve above the membrane. The remaining pore moisture freezes in the sample.
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Heaving of the lower part of the sample (under the membrane) is practically not manifested
in the initial period of time, which is explained by the high rate of freezing. Further, when the
freezing rate is reached equal to 5 mm/day, freezing occurs under conditions of a stationary heat
flow and is accompanied by the growth of heaving deformations at a constant rate.

A similar situation is observed during freezing of samples with waterproof membranes
placed at a depth of 50 and 100 mm (Fig. 7). When the freezing front approaches the 2nd water-
proof membrane (the section corresponding to 120—-168 h), the rate of heaving slows down. This
is also associated with the depletion of pore moisture in the soil between the two membranes.
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The results of experiments show that at freezing rate equal to 6—-8 mm/day the moisture con-
tent change due to migration is (14,1...16,1)-10 gly, at 25-27 mm/day — (3,0...3,6)- 10 g/y.
The characteristic moisture profile of samples under testing according to scheme 3 is presented
in Fig. 8.
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The value of heaving can be found by the known dependencies [17, 18]:
h, =hy+h}=[0,09(0,-0,)+1,09(0-0,)]-d, (1)

where hfl, hfll — heaving deformations due to freezing of water originally contained in the soil,
and due to moisture migration, respectively; 0y — initial volume moisture of the soil, cm3/cm3;
0,, — volume moisture owing to unfrozen moisture content, cm’/em’ ; 0 — the final volume mois-
ture of soil in the frozen zone, cm’/cm’; dr— freezing depth, cm.

Calculation by formula (1) showed that at 0y = Wy-ps=0,213-1,803 = 0,384 cm’/cm’,
0, =0,027-1,803 = 0,049 cm’/em’ and A0 =0,019-1,803 = 0,034 cm’/cm’ frost heave deforma-
tions are si,=5,0 mm, what is close to the experimental data (5.5 mm). When calculating the
heaving deformations, the final soil moisture 6y was determined by the moisture profile obtained
from the results of the experiments. Similar calculations were performed for the samples tested
according to schemes 2 and 3, and the values of heaving close to the experimental data were ob-
tained. The discrepancy amounted to 0.5-2 mm.

Discussion

Taking into account that all the tests were carried out under a closed scheme, the obtained
redistribution of moisture in the samples is associated solely with the nature of the studied clayey
soil. In the experiments with waterproof membranes, different freezing conditions were actually
modeled and for each of them the values of migration intensity were obtained, which allows for
each sample in the areas isolated by membranes to obtain the parameters of moisture migration
flow and to estimate the soil heaving. In experiments with freezing front stopping the values of
moisture migration intensity characterizing the maximum moisture inflow under given condi-
tions, caused by full mobilization of absorbtion forces, were determined. Accordingly, such a
characteristic can be applied to classify the soil looseness.

The value of the given migration index can be used as a classification indicator:

_ABB,  AWW

I,
At At

2)

where AB, AW — change in the volume and weight moisture content of the soil, respectively.
The scheme for determining the change in moisture is presented in Fig. 9, where it is indi-

cated: 0y, W, — initial volumet and weight moisture content, respectively; A¢ — time interval for
determining moisture change.
Based on the test results, the power dependence of the reduced migration index on the freez-
ing rate was obtained:
I,=4-0° (3)

where v — freezing rate, mm/day; A, B — coefficients depending on the type of clayey soil. The
curve of the migration index is presented in Fig. 10.
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Conclusion

Based on the results of the studies of freezing clayey soils according to a closed scheme (in
the absence of water recharge), the following conclusions can be drawn:

1. Heaving soils can be classified according to the given migration index, determined by the
value of moisture redistribution in a closed system under conditions of prolonged freezing front
stoppage.

2. Dependence of freezing index (/,) of the freezing rate is determined by the power
function ,, = A -0°, where 4, B — are coefficients depending on the type of clay soil.

3. The given migration index, which is the relative rate of moisture redistribution in time,
can be used to calculate heaving deformations and numerical simulation of the stress-strain
state of freezing heaving soils.

@Dunancuposanue. Paboma svinonnena npu gunancosoli noodepicke Poccuiickoeo nayunozo gonoa
(eparm Ne 22-19-20026).

Kongpnuxkm unmepecos. Aemopul 3aa671510m 06 0mMcymcmeuu KOHQIUKMA UHMepecos.

Bxnao aemopos. Bce agmopul coenanu pasHulil 6K1a0 6 NOO20MOSKY NYOIUKAYUU.
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