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Calculation scheme of ground freezing depth in Terskol

Abstract. During the construction of avalanche-retaining geotechnical structures in
mountainous areas comes up the problem of fixing and stability of these structures in
conditions of seasonal and/or long-term freezing of the ground. This paper evaluates the
influence of snow cover and air temperature on the depth of freezing and soil stability
based on the developed calculation scheme for the winter seasons 2015/16-2019/20 in the
Elbrus region. The calculation scheme was based on the problem of thermal conductivity
of a three-layer medium (snow, frozen, and thawed soil) with a phase transition at the
boundary. The heat balance equation included the energy of the phase transition, the
inflow of heat from the thawed ground and the outflow to the frozen ground, and, in the
presence of snow cover, through it to the atmosphere.
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Introduction

One of the factors of soil stability on slopes during the construction of avalanche-retaining
geotechnical structures in mountainous areas is the freezing of the underlying soil since in mountainous
areas the soil can be frozen for eight or more months. However, the recent changes in air temperature
and precipitation (primarily in the form of snow) [5] lead to a change in the depth and duration of
freezing of the soil and, as a result, a decrease in its stability. A model study of soil freezing in the
mountains was carried out in [6]. In this paper, based on the developed calculation scheme, the depth of
ground freezing for the last five winter seasons is estimated based on data on the thickness of snow
cover and air temperature for the weather station Terskol. Weather Station Terskol is located in the
valley Azau in Elbrus region at an altitude of 2141 m above sea level. The average temperature in
January is -7°C, July - 13.4°C, and the average sum of negative monthly temperatures in the winter
period (November-March) is -20°C. During the period of snow accumulation (in November-March), an
average of about 280 mm of precipitation falls, causing the accumulation of snow cover up to 70-80 cm
thick. Calculations of changes in the depth of ground freezing were performed according to the
proposed calculation scheme based on data on the thickness of snow cover and air temperature based
on a three-layer model of the medium (thawed soil, frozen soil, snow) and assuming a linear change in
temperature in the media and heat flow according to Fourier's law. This simplified calculating scheme is
used since it requires only air temperature and snow thickness data and is very easy in conducting
calculations using the solution of only one ordinary differential equation at each time step.

Methodology

The article calculates the freezing depth based on data on air temperature and snow cover
thickness for weather stations Terskol for the snow-covered soil surface for the winter seasons 2015/16-
2019/20 according to the proposed calculation scheme. The calculation scheme was based on the problem
of thermal conductivity of a three-layer medium (snow, frozen and thawed soil) with a phase transition
at the boundary of frozen and thawed soil. The heat balance equation included the energy of the phase
transition, the inflow of heat from the thawed ground and the outflow to the frozen ground and, in the
presence of snow cover, through it to the atmosphere. The heat flux was calculated according to Fourier's
law, as the product of the thermal conductivity and the temperature gradient. It was assumed that the
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temperature in each medium varies linearly (for example, [3]). For snow cover and frozen ground, the
formula of thermal conductivity of a two-layer medium was used.

The calculation of ground freezing based on data on air temperature and snow cover thickness and
thermal conductivity during the winter period made it possible to estimate the intensity of the freezing
front movement during this time period. The dependence of the speed of the freezing front movement
was found according to the calculated scheme. The scheme took into account the freezing of the ground
from below on the frozen ground mass in winter, based on data on the daily air temperature (and the
thickness and thermal conductivity of the snow cover).

The heat balance equation was written as Fi=cLV+F, or as:

dhyg /dt =V= (F1-F2 )/cL, (1)

where: Fi1 — heat outflow through the frozen ground (and snow cover) from the freezing front
(W/m?) to the atmosphere; ¢ L V = ¢ L dhg /d1— consumption heat at the phase transition, ¢, moisture
content of the soil (1-4 kg/cm*m?), (last value corresponds to the complete filling of pores with water
from a lightweight clay with a density of 2000 kg/m? and a porosity 0,617 [1]); L — energy of the phase
transition (335 kJ/kg); V = dhs /dt — the speed of the freezing front (cm/s); F2 — heat exchange in the cooling
melt the ground before the freezing front (W/m?).

The heat flux was expressed according to the Fourier law: F=-A grad T. The heat flow through the
frozen ground from the freezing front to the atmosphere in the case of snow cover was expressed in
terms of thermal conductivity and heat flow of a combination of two media (snow cover and frozen
ground) how to:

AT AT -T..

F:_l_:_ — air
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Here Tuir is the air temperature, hs and heg are the snow thickness and freezing depth, and As and Ag
are the thermal conductivity of snow and frozen ground.

It was assumed that at a depth of 10 m in the ground there is a point of zero annual temperature
fluctuations Towith an average annual value of about 7°C. Therefore

AT T,

F,=- - = 0
P Ax M0 -hy,

3)

Here Amg is the thermal conductivity of thawed soil. Calculations were performed in one-day
increments. At first, it was assumed that the thickness of the frozen groundhsz was 0.5 cm. At each time
step (every day) was calculated (calculated) the freezing rate V' and the value of the frozen ground
thicknesshsg for the next day (time step). According to [1], the average thermal conductivity of thawed
and frozen clay soil could be taken as 1.4 and 1.8 W/m°C. The average thermal conductivity of snow Ac
was calculated relative to the density according to the formula of A. V. Pavlov [2] and was taken equal to
0.18 W/m°C.

Results and Discussion

In this paper, a difference scheme was constructed for the derived first-order time differential
equation for changing the depth of soil freezing by approximating this differential equation by the
explicit Euler method:hsg( tnn1) =hig(ta)+ AT V(tn). According to the obtained difference scheme, for each
winter season 2015/16-2019/20, calculations of changes in the depth of soil freezing were made. An
example of the calculation results for the winter season 2016/17 is shown in figure 1.
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Figure 1. Changes in air temperature and freezing depth based on calculations for snow-covered
and exposed ground surfaces for a weather station Terskol for winter periods 2015/16-2018/19 (1 - air
temperature, 2 -thickness of snow cover, and 3-estimated depth of freezing of the ground under the snow
cover 4-estimated depth of freezing of exposed ground).
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The calculation method used is well physically justified. The method solution describes well the
process of changing the freezing depth during the winter season. The successful operation of the
method needs to set the initial data as accurately as possible. The consistency of the method was proven
in the work [4].

Results of calculating the maximum ground freezing depth for a weather station Terskol for the winter
periods 2015/16-2019/20 are shown in Table 1.

Table 1
Changes in the maximum ground freezing depth, average snow cover thickness for February, and the
sum of negative monthly temperatures for a weather station Terskol for winter periods 2015/16-2019/20

Winterperiod | Sum of Averaged February Max. freezing depth of | Max. freezing
negative snow cover thickness, | snow-covered ground, | depth of exposed
monthly cm cm ground, cm
temperature, °C

2015/16 -18,7 60 21 97

2016/17 -27,7 40 23 119

2017/18 -14,2 70 8 83

2018/19 -19,4 60 20 96

2019/20 20

Conclusion

The thickness of the accumulated snow cover can reach half a meter or more. At the same time, the
ground under the snow-covered surface freezes, according to calculations, by an average of 20
centimeters or more. In the case of partial or complete blowing off of the snow cover, freezing of the
ground can occur to a depth of 1 meter or more and last for a longer period. Thus, the proposed method
for calculating the dynamics of the depth of soil freezing based on data on air temperature and snow
cover thickness allows us to assess the freezing of soil as a factor of soil stability during the construction
of avalanche protection structures in mountains. Also it is necessary to take into account that for the
forecast, we do not have current values of air temperature and snow cover thickness. It may be necessary
to use their long-term values (trends in their change) to check the possibility of using this methodology
for forecasting.

The work was carried out on the topic of the State Law "Danger and risk of natural processes and
phenomena" (121051300175-4).
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A.M. ®poaos
Aomorocos amvirdazer Mackey memaexemmix ynusepcumemi, Macxkey, Pecei

Tepckeaaeri TONbIpaKThIH KaTy TePEHAITiH ecenITey cXeMachl

Angarna. Kap KeOIIKiHiH caKTaliTBIH T€OTeXHMKAaAbIK KYPBIABICTAPABI caly Ke3iHge TayAabl
ayJaHJap/a >KepaiH MaychIMABIK JKoHe y3aK Mep3iMai My3aaTy >KaF4alblHAa OCBI KYPBLABIMAApABI
OekiTy >koHe TypaKTBIABIK Maceaeci TybIHAAABL. by sxymeicra Dapbpyc aiimarsiHAa 2015/16-2019/20
KBICKBI ~MayChIMBIHa apHaJAfaH ecelTey cXeMachl HeTi3iHge Kap >KaMBIAFBICBI MeEH aya
TeMIlepaTypachbIHbIH KaTy TepeHAIri MeH TOIbIpaKThIH TYpPaKThIABIFbIHA ocepi OaraaaHaabl. Ecerrey
cpI30achl mekapada (aszaablk aybICybl Oap yII KaOaTThl OpTaHbIH (Kap, My3JaTbhlAFaH >KoHe epireH
TOIIBIPAK) >KBIAY OTKI3TIIITIK MaceaeciHe HerizgeareH. JKpiay OasaHCBIHBIH TeHAeyiHe ¢pa3aablK
aybICYyABIH DHEPIWCH], epireH >KepAeH >KbIAy arbIHbI, MY34aTbhLAFaH JKepre ary >KoHe Kap >KaMbLAFBICHI
HoaraH Karaaiija, Kap apKbLAbI aTMOc(epara oTy Kipai.

Tyiiin cesaep: ecerntey cb30achl, aya TeMIlepaTypachl, Kap >KaMBLAFBICHI, JKepAiH KaTybl, TayAbl
aliMaKTap, KYPBLABICTBIH TYPaKTBLABIFDI.

A.M. ®poaos

Mocxosckuti zocydapcmeeriviii yrnusepcumem um. M.B. Jomonocosa, Mockea, Poccus

BoruncanreabpHast cxeMma AAsL I'11y6I/IHhI IIpoMep3aHusI T PYHTa B Tepc1<011e

Annoramms. Ilpu crpouteancTBe AaBMHOYAEPSKMBAIOIINMX TI€OTEXHUYECKMX COOPY>KeHUI B
TOPHBIX paliOHaX BO3HMKaeT Mpo0JeMa KperAeHus M YCTOMUMBOCTM STUX COOPY>KeHUII B yCAOBUSX
Ce30HHOTO M / MAM AAUTEABHOTO HpOoMep3aHMs IpyHTa. B JaHHON cTaThe OIleHMBaeTCs BAUSHIE
CHEJKHOTO IIOKpOBa U TeMIlepaTyphl BO3JyXa Ha IAyOMHY HpOMep3aHMs U yCTOMYMBOCTH IIOYBBLI Ha
OCHOBe pa3pabOTaHHOV CxeMBbI pacyeTa Ha 3uMHMe ce30HBI 2015/16-2019/20 B paitone DanOpyca. B
OCHOBY pacyeTHOI CXeMBbl II0A0KeHa 3a4ada TeILA0IPOBOAHOCTU TPeXCAOMHONM cpebl (CHEeT, Mep3Ablil
U TaaAblll TPYHT) C (a3oBBIM IIepexoAOM Ha TpaHHIle. YpaBHEHMe TeI10BOro 0aJaHca BKAIOYaAO
9Hepruio (a3oBOro Iepexosa, IPUTOK Tellla U3 TaAOi ITOYBBI ¥ OTTOK TeIlla B MeP3ABIil TPYHT U, TP
HaAM4IUY CHEeKHOTO IIOKPOBa, OTTOK Tellla depe3 CHeT B aTMmocdepy.

Karouesble ca0Ba: pacyeTHas cxeMa, TeMmIlepaTypa BO34yXa, CHEXXHBIN IIOKPOB, IIpOMep3aHue
TPYHTa, TOPHBIE PallOHBI, YCTOMYMBOCTh KOHCTPYKLIUIA.
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