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ABSTRACT

Introduction. The construction of infrastructure facilities, industrial enterprises and residential complexes requires design solu-
tions that ensure the operational reliability of foundations in conditions of degradation of permafrost groundwater. The geological
conditions of permafrost soils affect the strength, stability and durability of structures. Construction without taking into account
the characteristics of permafrost soils leads to precipitation; deformations of buildings and emergency situations associated with
the degradation of the soil mass due to changes in climatic conditions. Existing technologies may not always meet the require-
ments for the reliability of construction facilities. In order to maintain the durability and stability of structures, it is necessary to take
into account risk factors for the northern regions, where climatic conditions are very harsh and construction sites are subjected to
significant loads. Rising average annual air temperatures are causing the active layer-the seasonally thawed portion of permafrost
soils—to deepen across all affected regions. When designing modern structures, the depth of foundation must be increased, which in
turn leads to an increase in construction costs in permafrost zones. Based on the results of the calculation, the required temperature
of steam supply to the steam needle, the diameter of the needle, the thickness of its wall, the arrangement of needles, the area of
thawing from both one and a complex of steam needles, as well as the time of back-freezing of the soil mass were determined to
take into account the possibility of work on their fastening. Materials and methods. The article presents the nanotechnology of
thawing permafrost soils with steam needles and the calculation justification necessary to take into account the possibility of work
on thawing the soil mass and their further consolidation. The calculation justification is based on the example of the construction
of a transport facility in Norilsk, Krasnoyarsk Territory, since this region belongs to the regions of the Far North. The calculation was
performed in the specialized software package MIDAS GTS NX Thermal analysis. Discussion. The following was performed: verifica-
tion of the calculation models; simulation of the existing range of steam needle wall thicknesses; simulation of the existing range
of steam needle diameters; simulation of the existing temperature range of steam supply to the steam needle; modeling of two
possible schemes for the placement of steam needles in a soil array; modeling to determine the distance between steam needles
when they are installed in an array of soils; modeling to determine the time required for the thawing of the soil mass and their
reverse cooling. The analysis of the results is performed for each of the stages of the calculation justification. The optimal design of
the steam needle (diameter, wall thickness, steam supply temperature), the arrangement of the needles and the distance between
the needles when they are installed in the soil array, the area and volume of the heated soil array, the time of thawing and reverse
cooling of the soil array are determined. Conclusion. As part of the work performed, the design parameters of the steam needle
are justified, including the optimal diameter, wall thickness and temperature of the supplied steam. The optimal location of steam
needles and the necessary distances between them have been established, key indicators of the process of thawing permafrost soil
have been determined: the timing, volume and area of thawing, as well as the time interval for the return of soils to their original
frozen state. The results of the presented article form the basis for the design and construction of reliable foundations of buildings
and transport facilities in regions with the spread of permafrost soils.
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AHHOTALMA

BeepeHue. 1o 65% nnowapmn Poccuninckon Pegepaunn HaxoaATCA Ha TEPPUTOPUAX PaCcNPOCTPaAHEHMA MHOTONIeTHEMEP3STbIX
rPYyHTOB, MO3TOMY pPaboTbl MO COBEPLUIEHCTBOBAHMIO CYLLIECTBYOLUX U PA3BUTUIO HOBbIX TEXHONOTMUIA COOPYKeHUs GyHOAaMEHTOB
B TaKMX YCIIOBUAX COXPAHAIOT CBOI aKTyanbHOCTb. CeBepHble TeppuTopun 6oratbl CBOMMY MPUPOLAHBIMY Pecypcamu, TaKUMU Kak
HedTb, ra3 1 nosiesHble NCKOMaeMble, MO3TOMY B MOC/eHUE rofbl HabnogaeTca TeHAeHUMA NX aKTUBHOTO pa3BuTusA. CoopyeHue
06beKTOB MHGPACTPYKTYPbI, CTPOUTENIbCTBO MPOMBILLIEHHBIX MPEeANPUATUN U KUIbIX KOMIMJIEKCOB TPeOyeT MPOEKTHbIX PELLUEHNIA,
obecrneunBalLLMX SKCMTyaTaLMOHHYI0 HAAEXKHOCTb GYHAAMEHTOB B YC/IOBUAX AerpafaLn rpyHTOBbIX MHOTOfIeTHEMEP3/bIX Mac-
cuBOB. [eonormyeckme ycnoBmnsa MHOrONIETHEMEP3SIbIX FPYHTOB BAIMAIOT Ha MPOYHOCTb, YCTONUMBOCTb 1 JONIFOBEYHOCTb COOpPY»Ke-
HuiA. CTponTenbCTBO 6€3 yueTa XapakTepUCTUK MEP3NOTHbIX TPYHTOB MPUBOANT K 0cafKam, AepopmMaLmam 3aaHNA 1 aBapUNHbIM
CUTyaUsAM, CBA3aHHbBIM C AerpajaLueil F[pyHTOBOro MaccyBa 13-3a M3MEHEHNA KNMmaTnyeckix ycnosuii. CylecTsytoLme Ha cerog-
HALHWI feHb TEXHOMOIMN CTPOMUTENBbCTBA COOPYXKEHNI PA3IMYHOIO Ha3HAaUYeHWA B JaHHbIX YC/TOBUAX OCHOBbIBAKOTCA HA NepBOM
NpyHUUNe — ON1PaHUN OCHOBaHWI GYHAAMEHTOB Ha TOJILLY MHOTMOIeTHEMEP3JbIX FPYHTOB, KOTOpas ABMAETCA MOCTOAHHON U He
noaBep»eHa BIMAHWIO CE30HHOIO PacTernieHns U OCTbiBaHUA rPyHTOB. CyLlecTBYOLMe TEXHONOMI He BCErAa MOTyT yAOB/eT-
BOPATb TPeOOBaAHMAM, MPeabABNAAEMbIM K HAEXKHOCTM CTPOUTENbHBIX 0O6BEKTOB. [111A Noaaep»KaHWsA 4ONTOBEYHOCTU 1 YCTON-
UMBOCTY COOPYXKEHUI HeobXoAMMO yunTbiBaTh GaKTOPbI PUCKa ANIA CEBEPHbIX PErMOHOB, rae KiMMaTuyecKre YCoBuUa BeCbMa
CYpOBbI, @ CTpOUTESIbHble 06bEKTbI NMOABEPralTCA 3HAUMTENbHBIM Harpy3kam. M3-3a yBenmueHvs cpegHeroqoBoli Temnepatypbl
aTMOChEpPHOro BO3ayxa, To/La CE30HHO pacTenigeMblX MHOFONIETHEMEP3J1bIX FPYHTOB NMOBCEMECTHO yBenunumnaaeTtcs. Mpu npoek-
TUPOBAHUUN COBPEMEHHbIX COOPYXEHWI ryOuHY 3anoxeHnsa GyHLaMeHTOB HEOOXOAUMO YBENNUMBATD, UTO B CBOIO ouepeb BeeT
K YBEJIMYEHMIO 3aTPaT Ha CTPOUTENIbCTBO B 30HAX PACNPOCTPAHEHMUSI MHOTONIeTHEMEP3bIX FPYHTOB. 10 pe3ynbTaTtaM pacyeTHOro
060CcHOBaHVA onpefeneHa Heobxoaumas TemnepaTtypa nofaun napa B NapoByio UMY, AMAMETP UMb, TONILLUHA € CTEHKHM, CXema
paccTaHOBKM UM, 0611acTb pacTenieHns Kak OT O4HOW, TaK 1 OT KOMMJeKca NapoBbIX UM, a TakXKe Bpemst 06paTHOro NpomMep3aHuns
MacC1Ba FPYHTOB [/151 yYeTa BO3MOXHOCTM NMOC/elyoLIero noBblleHrA UX Hecylel cnocobHocTy. MaTepuanbl n meTogbl. B cTa-
Tbe MNpefcTaBneHa HAHOTEXHOMOI WA PaCcTEMIeHNA MHOTOJIETHEMEP3JIbIX TPYHTOB MapOBbIMM UMMlaMy U pacyeTHoe 060CHOBaHue,
HeobxofMmoe AnA yyeTa BO3MOXKHOCTM paboT Mo pacTenieHnto MaccuBa rpyHTOB 1 UX AaibHElLWeMy 3aKpeneHuto. PacueTHoe
060CHOBaHUE BbINMOSHEHO Ha NPUMepe CTPOUTENbCTBA TPAHCMOPTHOrO COOPYXeHuA B . Hopunbck, KpacHOAPCKMI Kpali, Tak Kak
3Ta 06/1aCTb OTHOCUTCA K paiioHam KpaiHero CeBepa, rae pacnpocTpaHeHHo SBSeTCs Npobiema NOBCEMECTHOO pacTenaeHuns
MaccuBa rpyHToB. PacueTHoe 060CHOBaHMe BbIMOJIHEHO B CNeLyanv3npoBaHHOM nporpammHom kommnekce MIDAS GTS NX Thermal
analysis. O6cy»xaeHue. B pamkax pacueTHOro 060CcHoBaHMA Obina BbIMOSHEHA: BepudrKaLmsa pacuyeTHbIX Mofenen; Moaennpo-
BaHVe CyLleCTBYIOLWEro AnanasoHa TONWMH CTEHOK NapoBO UIIbl; MOAENMPOBaHKE CYLeCTBYOLWEro AnanasoHa AMaMeTpoB
MapoBOVi Ubl; MOAENMPOBAHME CYLLEeCTBYIOLLEro Arana3oHa TemnepaTyp nogayv napa B NapoByo Wrfy; MOAenMpoBaHme 4ByX
BO3MO>KHbIX CXeM PacCTaHOBKM MapOBbIX UM B MacCKBE FPYHTOB; MOAENNPOBaHYE Mo ornpeeneHunio pacCToAHNA MeXy NapoBbl-
MW WIaMm1 MpU KX YCTaHOBKE B MacCMB MPYHTOB; MOAENMPOBAHME MO OnpefesieHno BpeMeHy, HeobXoaMmoro ansa pacTenneHns
Macc1Ba rPyHTOB 1 UX 06PATHOro OCTbIBaHWA. BbINOMHEH aHaNM3 NoMyYeHHbIX Pe3yNbTaToB /1A KaXKAOro 13 3TarnoB pacyeTHOro
o6ocHoBaHuA. OnpeaeneHa onTrMarbHasa KOHCTPYKLMSA NapoBol UMbl (AnameTp, ToMNWrHa CTEHKK, TeMnepaTypa nogaum napa),
CXema pacCTaHOBKM U1 U PacCTOAHME MEXAY UMaMy NPU KX YCTaHOBKE B MacCKB IPYHTOB, NioLajb 1 06bem pactennsneMoro
MaccuBa rPyHTOB, BpeMs pacTernieHuns 1 06paTHOro OCTbIBAHUA MacCUBa rpyHTOB. 3aKiloueHune. B pamkax BbIMoONHEHHON paboTbl
060CHOBaHbI KOHCTPYKTUBHbIE MapameTpbl MapOBO Wb, BKMOYas ONTUMAbHbIN AVaMeTp, TOMNLWMHY CTEHOK 1 TemnepaTypy rno-
[aBaemMoro napa. YCTaHOB/IeHO ONTUManbHOE B3aMOPaCMoNOXKeHWE NapOBbIX UM 1 HeO6XOAMMbIE PACCTOAHNA MeXAY HAMW ANA
3bdeKTMBHOro BO3ENCTBMA Ha IPYHT, ONpefeneHbl KitoueBble NoKasaTenu npoLecca pacTensieHns MHOroNIeTHEMEP3/0ro rpyHTa:
CPOKYM, 06EM 1 NNoLaAb PacTENsIeHNs, a TakxKe BPEMEHHOW MHTepBasl BO3BPaLleH/sA rPYHTOB B MICXOAHOE Mep3/10e COCTOAHME.
Pe3ynbTaTbhl NpeacTaBneHHON CTaTbh CO34aOT OCHOBY [Ms MPOEKTUPOBAHUA 1 CTPOUTENBbCTBA HAAEXKHbIX GYHAAMEHTOB 34aHUI
1 TPAHCMOPTHbIX COOPYKEHNI B PErMOHAX C PAacnpOCTpaHEHNEM MHOTOSIETHEMEP3SIbIX FPYHTOB.

KJTIOYEBDIE CJIOBA: pe3ynbTaTbl UCCIIEA0BAHUN YYEHbIX 1 CNELNanNCTOB; HAHOTEXHONOMN B CTPOUTENIbCTBE; HAHOTEXHONOTNN;
TPaHCMOPTHOE CTPOUTENBCTBO; MHOTONETHEMEP3NbIN MPYHT; COOpYxeHUe GyHAAMEHTOB; TEMIOTEXHMKA; TeMoTeXHNYeCKne pac-
YeTbl; FPYHTbI OCHOBaHWA; MAapPONpPOrpeB; PacTenyieHne rpyHToB
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ana UNTUPOBAHUA:

MonoHuH A.P, MuckyHos A.A., MaHueHko AW, Tanabyppa W.A., KeHatok A.B. HaHOTexHONOrMA 1 napameTpbl pacTensieHnsa MHOroneT-
HeMep3/bIX FPYHTOB NPV CTPOUTENbCTBE GYHAAMEHTOB 3[aHUI U TPAHCMOPTHBIX COOPYXKEHUI. HaHOMexHo02uu 8 cmpoumesscmae.
2026;18(1):103-122. https://doi.org/10.15828/2075-8545-2026-18-1-103-122. - EDN: YMPBWM.

1.INTRODUCTION

Up to 65% of the area of the Russian Federation is lo-
cated in permafrost areas, so the work on improving
existing and developing new technologies for the con-
struction of foundations in such conditions remains
relevant [1].

The northern territories are rich in their natural re-
sources, such as oil, gas and minerals, so in recent years
there has been a tendency for their active development.
Construction of infrastructure facilities, construction of
industrial enterprises and residential complexes requires
design solutions that ensure the operational reliability of
foundations in the conditions of degradation of perma-
frost soil massif.

The article presents the nanotechnology of thawing
permafrost soils with steam needles for their further con-
solidation.

Based on the results of the calculation justification, the
required temperature of steam supply to the steam needle,
the needle diameter, wall thickness, the needle placement
scheme, the area of thawing from one and a complex of
steam needles, as well as the time of reverse freezing of
the soil mass were determined in order to further imple-
ment the technology of increasing the bearing capacity
of the soil base.

The purpose of the work: to perform a calculation
justification of soil thawing with the selection of the nec-
essary design of the steam needle, the scheme of their
placement and the time of reverse freezing of the soil
mass.

For thawing frozen ground with steam necedles,
a steam boiler (steam generator), steam pipes, flexible
hoses, steam needles with various tips and inventory
platforms are used. To produce steam on the construc-
tion site, a steam boiler with a capacity of up to 650 kg
of steam per 1 hour is installed in a temporary room [9,
11, 12].

To work with steam needles, you should use made of
rubber-cloth steam-conducting hoses for supplying satu-
rated steam with a temperature of up to 175°C, designed
for working steam pressure up to 800 kPa.

Steam needles are solid-drawn pipes equipped with
a tip that is connected to the pipe by a screw thread and
has several holes for steam output.

2. REVIEW OF EXISTING AND PROSPECTIVE
TECHNOLOGIES FOR FOUNDATION
CONSTRUCTION IN PERMAFROST AREAS

Permafrost distribution areas have physical and me-
chanical properties of the host massif, which significantly
differ in a number of characteristics in the frozen and
thawed states. Features of the temperature regime and
changes in the temperature gradient throughout the year
introduce additional requirements to the work production
process. This section discusses and analyzes existing and
promising technologies for the construction of founda-
tions in the conditions of permafrost distribution.

One of the technologies for constructing foundations
on permafrost soils is the construction of deep pile foun-
dations [14].

Foundations constructed according to the second
principle are used in areas with a high thickness of the
seasonal thawing layer of multi-year permafrost soils.
They use driven, drilled and screw piles of various diam-
eters and lengths. They provide the load-bearing capacity
of the foundations of buildings and structures due to their
support on a rock base located in the thickness of the
ground mass. The surrounding frozen ground provides
additional friction to the pile surface, which increases
the load-bearing capacity. The use of piles as stilts re-
duces the possibility of deformation of the foundations
of structures due to degradation of the surface layers of
permafrost soils [2—4].

The advantages of using such foundations include their
high load-bearing capacity, resistance to deformations
from degradation of the upper layers of permafrost soils.
The disadvantages include high costs for the installation
of deep piles, difficulties in carrying out work in remote
and hard-to-reach areas, associated with the need to at-
tract heavy large-sized equipment. It is also necessary to
take into account the increasing layer of permafrost soils
that are subject to degradation during the operation of
structures.

Shallow foundations are often used as a foundation
structure for buildings and structures [7—8].

Shallow foundations are used in cases of shallow oc-
currence of permafrost soil thickness and low load on the
structure and are classified as structures built according
to the first principle. Foundations are arranged so that
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their sole is below the mark of seasonal thawing of the
soil. Such a foundation design is simple in terms of its
execution and has a low cost of implementation.

The main disadvantage of shallow foundations is the
possibility of excessive deformations as a result of degra-
dation of permafrost soils and an increase in the thickness
of the thawed soil layer of the base.

Thermal stabilization involves the use of special
technical solutions aimed at maintaining a constant low
temperature of the soil mass around the foundation, by
cooling the soil with special heat pumps. This makes it
possible to avoid undesirable thermal effects caused by the
operation of buildings and structures and the degradation
of permafrost.

Thermal stabilization allows you to maintain the fro-
zen state of the soil mass and increases the service life of
the structure.

The disadvantages of this method include the need for
maintenance of the equipment used, energy consumption
for the operation of the cooling system, as well as the
possibility of thawing of the soil mass of the base in the
event of a prolonged power outage of the cooling system.

The use of waterproofing membranes and modern
thermal insulation materials reduces heat transfer to the
ground mass, preventing the processes of active ice melt-
ing. These measures help to improve the reliability of
foundations. The technology does not take into account
the influence of changing climatic conditions and soil
thawing due to rising ambient temperatures.

Existing methods and methods of foundation con-
struction under permafrost conditions do not take into
account permafrost thawing. Foundations constructed ac-
cording to the first principle have a reduced load-bearing
capacity, as well as excessive sedimentary deformations
associated with changes in the physical and mechanical
characteristics of soils. Foundations based on the second
principle provide the necessary load-bearing capacity in
the conditions of permafrost degradation, but require high
economic costs. It is necessary to improve technologies
for building foundations of structures in the conditions of
permafrost spreading and their active thawing.

Table 1. Accepted ambient air temperatures

3. ACCEPTED CONDITIONS FOR THE CALCULATION
JUSTIFICATION

The calculation justification is based on the example
of the construction of a transport structure in Norilsk,
Krasnoyarsk District, since this region belongs to the Far
North, where the problem of wide spread thawing of the
soil masses widespread.

Norilsk is located in a subarctic climate zone, which
indicates low temperatures most of the year, frequent
exposure to Arctic air masses, little sunlight, and low rela-
tive humidity, which increases the perception of cold [6].

The average monthly negative temperature is observed
from October to May. The snow cover lasts from 7 to
9 months a year. The temperature is above zero from June
to September, the maximum monthly average temperature
was observed in July and was +14.3 °C.

The average annual air temperature in Norilsk is
—9.6 °C, the annual course of absolute temperatures is
85 °C. The average annual relative humidity is about 76 %
(Table 1).

The geological structure of the territory accepted for
modeling includes Upper Quaternary and modern soils,
lacustrine and alluvial deposits of the Ayakli layer, and
igneous rock soils — basalts of the Lower Permian and
Upper Triassic, undifferentiated [18—19].

The geocryological conditions of the survey area are
characterized by the spread of a continuous permafrost
layer with a thickness of more than 100.0 m in the moun-
tainous part and an intermittent permafrost layer with
a thickness of more than 50 meters in the flat part of the
territory [20—21].

In accordance with the presented initial data, the fol-
lowing arrangement of layers of individual engineering
and geological elements is assumed for the object under
consideration:

— GE 1.3.1.1.1/GE 3.2.1.1. — 3 meters*;
— GE6.1.1.1/GE 6.2.1.1. — 10 meters*;
— GE71.1.1./GE 7.2.1.1. — 4 meters*.

To perform a set of thermal and geotechnical calcu-

lations in a specialized software package, the following

Name of the

Month

weather station

112 ]3]a]s |

Year

6 | 7 | 8] 9o [ 10| 1| 2

Monthly and annual average air temperature, °C

Norilsk | 270 | -265| 216 | <141 | =51 | 62 | 141 | 107 | 37 | -87 | 217 | -252 | -9
Absolute minimum air temperature, °C

Norilsk 53 | 52 | ca6 | 37 | 25 | 11 | o 3 | -14 | 38 | a8 | 52 | =53

Norilsk 2 | 4 2 9 15 | 20 | 32 | 28 | 23 | 12 7 0 32

* The order in which layers are located from the earth's surface and their thickness.
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characteristics of the physical and mechanical properties

of soils are accepted:

— Soil density p, g/sm?;

— Porosity coefficient e, d. units;

— Compression modulus of deformation of frozen
ground Ek, MPa;

— Coefficient from Table 5.1 SP22 moed;

— Modulus of deformation E, MPa;

— Coupling With, kPa;

— Internal friction angle @, deg.

— Poisson's ratio v;

— The soil model isMohr-Coulomb.
The accepted design characteristics of soils are pre-

sented in Tables 2, 3.

4.ESTIMATED JUSTIFICATION

As part of the work, a design justification was per-
formed, which includes a set of heat engineering calcu-
lations, based on the results of which the temperature of
steam supply to the steam needle, the needle diameter,
its wall thickness, the needle placement scheme, the area
of thawing from one and a complex of steam needles, as

well as the time of reverse cooling of the soil mass pin-
ning them.

The mathematical model of heat transfer in freezing-
thawing soils should take into account the variability of
climatic conditions, soil structure, features of the nano-
technological scheme, thermal properties, etc. [22].

In the presence of a filtration flow, forced convection
can be taken into account by numerically solving the en-
ergy transfer equation (Fourier-Kirchhoff) or by replac-
ing it with the Fourier equation with an effective thermal
conductivity. The temperature field in thawed unfiltered
and frozen soils is determined by solving a Stefan-type
problem on heat propagation in a region with an upper
mobile boundary [23].

All the presented calculations were performed taking
into account the time factor and the influence of atmo-
spheric air with a temperature variable by day and month.

The purpose of the first stage of calculation is to deter-
mine the volume of soil thawed by a single steam needle,
as well as to determine the necessary parameters of steam
needles.

For further verification of the models, a simplified ver-
sion of the model was performed, which assumes the con-

Table 2. Physical and mechanical properties of soils. Frozen state

P Ec E C (0]
GE Name g/sm? € MPa moed MPa kPa | Deg. v

Crushed sandy loam, slightly silty,

3.1.2.1 | powdery, hard-frozen, layered cryo- 20 0.64 17.2 2.5 43 177 25 0.35
texture, plastic in the thawed state
Pebble sandy loam, highly silty, pow-

6.1.1.1 | dery, plastic-frozen, layered cryotex- 16.6 0.9 6.438 1.4 6.5 19.3 46.6 0.35
ture, flowing in the thawed state
Crushed soil with clay placeholder
up to 40% (placeholder: non-icy crvotexture

7.1.1.1 | sandy loam, powdery, solid when 4 0.48 355 2.8 99.4 724 42 0.3

. 211
thawed), brownish-gray, hard-
frozen,crustycrustal
Table 3. Physical and mechanical properties of soils. Thawed state
P Ec E S (0]
GE Name g/sm? € MPa moed MPa kPa | Deg. v

Crushed sandy loam, slightly silty,

3.1.2.1 | powdery, hard-frozen, layered cryo- 20.8 0.67 - - 533 15 37 0.3
texture, plastic in the thawed state
Pebble sandy loam, highly

6.1.1.1 | silty,powdery, plastic-frozen, layered 16.6 1.24 - - 13.2 9 17 0.35
cryotexture, fluid in the thawed state
Crushed soil with clay aggregate up
to 40% (placeholder: sandy loamnon- crvotexture

7.1.1.1 | icy, powdery, solid in the thawed y 0.48 - - 435 1 42 0.3

. 211

state), brownish-gray, hard-frozen,
crustycrustal
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dition of heat transfer and thawing only from the steam
needle nozzle, without taking into account the thawing
of the soil from heating its walls.

The second developed model is more accurate, as it
takes into account tthe thawing and heat transfer not only
through the needle nozzle, but also from its walls.

The appearance of the developed spatial planar models
for performing thermal engineering calculations is shown
in Fig. 1.

Based on the results of the performed thermal engi-
neering calculations, the area of thawing at the end of the
needle from the nozzle is determined, which is shown in
Figs. 2, 3.

Based on the presented results, we can conclude that
two independent computational models converge.

According to the calculation results, the maximum
thawing zone from the nozzle of one steam needle is
0.3x0.3 m (at a depth of 6.0 m).

After verification of the calculation models, we pro-
ceed to the selection of the optimal design of the steam
needle and the steam supply temperature.

To perform the calculation for selecting the required
wall thickness of the steam needle, its diameter and the
steam supply temperature, an updated model from the
first stage of calculations was adopted.

To perform the calculation, independent thermal en-
gineering models are used, each of which simulates a dif-
ferent wall thickness of the steam needle. The diameter of
the steam needle is constant and assumed to be 50 mm.
The steam supply temperature is constant and is 170 °C.
For calculations and subsequent comparison, the follow-
ing steam needle wall thicknesses are modeled: 1.5 mm,
2.0 mm, 2.5 mm, 3.0 mm, 3.5 mm, 4.0 mm, 4.5 mm,
5.0 mm, 5.5 mm, 6.0 mm.

Based on the results of calculations, similar results
were obtained Fig. 3. After analyzing the calculated mod-

els, all the results obtained were summarized in the gen-
eral Table 4, the summary chart and graph presented in
Figs. 4, 5.

Analyzing the results obtained, the above diagram
and graph, we can conclude that the wall thickness of
the steam needle affects the size (depth)of the steam
needle thawing zones from the side surface of the needle.
The maximum depth of thawing is achieved when us-
ing needles with a wall thickness of 1.5 and 2.0 mm. Of
the proposed options, the needle with a wall thickness
of 2.0 mm has become the most widely used in practice,
since needles with a wall thickness of a smaller value re-
quire the use of special equipment on the construction site
and additional monitoring of the needle crushing process.
Based on this, for further calculations, the wall thickness
of the steam needle is assumed to be 2.0 mm.

To perform calculations for selecting the required
steam needle diameter, separate heat engineering mod-
els are used, each of which simulates a steam needle of
a certain diameter. Based on the results of the calcula-
tions, the optimal wall thickness of the steam needle is
assumed to be 2.0 mm, and the steam supply tempera-
ture remains constant — 170 °C. For calculations and
subsequent comparison, steam needles of the following
diameters are modeled: 20.0 mm, 30.0 mm, 40.0 mm,
50.0 mm, 60.0 mm.

Based on the results of calculations, the results ob-
tained were summarized in Table 5, and a diagram and
graph of the distribution of thawing parameters were con-
structed, presented in Figs. 6, 7.

The maximum thawing zone from the needle nozzle is
achieved when using a steam needle of the largest diam-
eter — 60.0 mm. Therefore, for further calculations, the
steam needle diameter is assumed to be 60.0 mm.

To perform calculations for determining the required
temperature of steam supply to the steam needle, a previ-

Fig. 1. Simplified finite element model (left) and refined finite element model (right)
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NODAL THERMAL
TEMPERATURE , [T]

" +1.,37544e+02
to
+1.21315e+02
0.0%
+1,05087e+02
0.0%
+8.88592e+01
0.0%
+7.26310e+01

0%

£ 170.0000 o +5.64028e+01
. o

+4.01747e401
0.0%

+2.39465e+01
0%
;4-7.7183284-00
o
-8.50985e+00

Fig. 2. Simplified model. The stage after installing the needle and thawing the soil. The first 30 days of well
operation. Winter period
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Fig. 3. Updated model. The stage after installing the needle and thawing the soil. The first 30 days of well operation.
Winter period

Table 4. Calculation results for determining the optimal wall thickness of a steam needle

Wall thickness, mm

Parameter name
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
size of the heated areafrom | ) 5 31 53,03 | 03x03 | 0.3x0.3 | 03x03 | 0.3x0.3 | 03x03 | 0.3x0.3 | 03x03 | 0.3x0.3
the needle nozzle, m
Depth of thawing from
the side surface of the pile, 0.405 0.405 0.404 0.404 0.403 0.403 0.403 0.402 0.402 0.402
MMG zone, m
Size of the thawed zone
in the area of annually 1.41 1.41 1.41 1.41 1.41 1.41 1.41 1.41 1.41 1.41
thawed-frozen soils, m
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0,5

0,405 0,405 0,404 0,404 0,403 0,403 0,403 0,402 0,402 0,402

o 0,3 0,3 0,3 0,3 0,3 0,3 0,3 0,3 0,3 0,3

0,3

0,2 | . : 4 ] | :

0,1 — -

Wall Wall Wall Wall Wall Wall Wall Wall Wall Wall
thickness thickness thickness thickness thickness thickness thickness thickness thickness thickness
1,5mm 2,0mm 2,5mm 3,0mm 3,5mm 4,0mm 4.5mm 5,0 mm 5,5 mm 6,0 mm

M The size of the warming zone from the needle nozzle, m*m

I The depth of thawing of the MMG zone from the side surface of the pile, m

Fig. 4. Diagram of the distribution of thawing parameters depending on the wall thickness of the steam needle

0,406
0,405 0,405
0,405
) 4;N4o4 0,404
0,404 —- e = , :
Jf ..... 0,403 0,403 0,403
0403 —t—— S : :
4 A L ..0,402 0,402 0,402
0402 || y——e—
0,401
0,4
0,399 | |
Wall Wall Wall Wall Wall Wall Wall Wall Wall Wall
thickness thickness thickness thickness thickness thickness thickness thickness thickness thickness
1,5 mm 2,0mm 2,5mm 3,0mm 3,5mm 4,0 mm 4,5 mm 5,0 mm 5,5mm 6,0 mm
The depth of thawing of the MMG zone from the side surface of the pile, m

Fig. 5. Graph of the dependence of the frost zone thawing depth on the wall thickness of the steam needle

Table 5. Calculation results for determining the optimal steam needle diameter

Needle diameter, mm

Parameter name
20.0 30.0 40.0 50.0 60.0

Size of the heating zone from the needle nozzle, m | 0,193x0,193 | 0,206x0,206 | 0,218x0,218 | 0,238%0,238 | 0,250x0,250

Depth of thawing from the side surface of the pile,

MMG zone, m 0.1 0.1 0.1 0.1 0.1

Size of the thawing zone in the area of annually

thawed-frozen soils, m 1.32 1.32 1.32 1.32 1.32
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0,238 0
0,218

Diameter of the steam Diameter of the steam Diameter of the steam Diameter of the steam Diameter of the steam
needle 20,0 mm needle 30,0 mm needle 40,0 mm needle 50,0 mm needle 60,0 mm

0,25
6193 0,206
0,15

LOJ | h
0

0

1
0,05

H The size of the warming zone from the needle nozzle, m*m

H The depth of thawing of the MMG zone from the side surface of the pile, m

Fig. 6. Diagram of the distribution of thawing parameters depending on the diameter of the steam needle

0,3

0,25
0.193 0,206

0,238 0,25

0,218

0,15
0,1

0,05

Diameter of the
steam needle 30,0
mm

Diameter of the
steam needle 20,0
mm

Diameter of the
steam needle 40,0

The size of the warming zone from the needle nozzle, m*m

Diameter of the
steam needle 60,0
mm

Diameter of the
steam needle 50,0

mm mm

Fig. 7. Graph of the dependence of the size of the thawed zone on the diameter of the steam needle

ously developed heat engineering model is used, in which
a certain temperature of steam supply is set for each of the
considered cases.

The following design of the steam needle is accept-
ed: diameter — 60.0 mm, wall thickness — 2.0 mm. For
calculations and subsequent comparison, the initial
steam temperatures are modeled: 100, 120, 140, 160,
170 °C.

Based on the results of calculations performed for each
of the heat engineering models, the results were obtained,
which are presented in general form in Table 6, as well
as a diagram and graph of the distribution of the main
parameters of thawing, presented in Figs. 8, 9.

The maximum melting zone of the array from the
steam needle nozzle is reached at a steam supply tem-
perature of 160—170 °C. However, an analysis of the prac-
tice of soil thawing shows that the use of the maximum
possible steam temperature of 170 °C requires the use of
high-precision equipment, complete elimination of pos-
sible steam leakage and shortcomings in the insulation
of steam pipelines. When the temperature decreases to
160 °C, the melting zone of the soil mass does not change
and is 0.250 m at a steam temperature of 170 °C to 0.247 m
at a steam temperature of 160 °C.

For further calculations, the following design of the
steam needle is accepted: the diameter of the steam needle
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0,247 0,25
025 (218 0,229 0,233 _ _
0,2
0,1 0,1 0,1 0,1 0,1
01 — — — — —_— —
005 — B —————— ——— ——— —
0 JE— ] I — — S, e
Steam supply Steam supply Steam supply Steam supply Steam supply
temperature, 100 temperature, 120 temperature, 140 temperature, 160 temperature, 170
degrees. degrees. degrees. degrees. degrees.
B The size of the warming zone from the needle nozzle, m*m
H The depth of thawing of the MMG zone from the side surface of the pile, m

Fig. 8. Diagram of the distribution of thawing parameters depending on the steam supply temperature

0,26
0,25
0,25 I
A
0,24
0,23
0,22
0,21
0,2 | {
The temperature of the The temperature of the The temperature of the The temperature of the The temperature of the
steam 100 degrees. steam 120 degrees. steam 140 degrees. steam 160 degrees. steam 170 degrees.
The size of the warming zone from the needle nozzle, m*m

Fig. 9. Graph of the dependence of the size of the heating zone on the temperature of the steam supply to the
steam needle

Table 6. Calculation results for determining the optimal steam supply temperature

Steam supply temperature, °C

Parameter name
100 120 140 160 170

Size of the heating zone at the end of the needle from

0.218x0.218 | 0.229x0.229 | 0.233x0.233 | 0.247x0.247 | 0.250x0.250
the nozzle, m

Depth of thawing from the side surface of the pile,

MMG zone, m 0.1 0.1 0.1 0.1 0.1

Size of the thawing zone in the area annually thawing-

- - 1.32 1.32 1.32 1.32 1.32
freezing soils, m
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is 60.0 mm, the wall thickness is 2.0 mm; the steam supply

temperatures are 160 °C, the distance between the steam

needles is 0.5 m, and two heat engineering models are used:

— with a rectangular arrangement of needles.

— with a “checkerboard” arrangement of needles — with
the displacement of one row of needles relative to an-
other.

The appearance of the developed heat engineering
models is shown in Figs. 10—13.

Both calculation models are performed in the spatial
formulation of the problem, taking into account the ef-
fect of atmospheric air with a temperature variable by
day and month. The calculations were performed taking
into account the time iteration with the results recorded

Fig. 10. A finite element model with a rectangular arrangement of needles without their displacement

Fig. 11. Finite element model with a rectangular
arrangement of needles without their displacement

with a depth of 6 m
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Fig. 12. A finite element model with a “checkerboard” arrangement of needles with the displacement of one row of
needles relative to another

Fig. 13. Finite element model with a “checkerboard”
pattern of needle placement with a displacement of
one row of needles relative to another with a depth of

6m
for each day. The results of the calculations are shown in The area of soil thawed by a single steam needle for
Figs. 14, 15. a model with a “staggered” needle arrangement (with one

To compare the calculation results obtained, we will ~ row of needles shifted relative to another):
determine the size of the thawed soil zone at the level
of — 6.0 m from the earth’s surface (Figs. 16, 17). 2.43 m? / 10 pieces = 0.243 m?.
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46, 140008401

45196670401

7%
+3,653330401

',. +2,110000401

Fig. 15. A model with a“staggered” needle arrangement (with one row of needles shifted relative to another).
Stage - 10 days of steam needle operation
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Fig. 16. A model with a“staggered” needle
arrangement with one row of needles shifted relative to
another. The soil thawing zone is 2.02x1.35 m. The area

Fig. 17. A model with a rectangular arrangement of
needles. The soil thawing zone is 1.35%1.35 m. The area
of the soil thawing zone is 1.82 m?

of the thawing zones 2.43 m?

Table 7. Results of calculations performed for selecting the optimal distance between steam needles
and comparing the placement schemes of steam needles

Number of Area of Area of thawed Depth of thawed
Layout of steam needles steam needles in | thawed soil, | soil per steam | soil below the steam

the model, pcs m? needle, m?*/pc. needle mark, m
Mc.>del W|th a rectangular needle arrangement 9 182 0202 037
(without displacement)
Model with a «staggered» needle arrange-
ment (with displacement of one row of 10 243 0.243 0.36
needles relative to another)

Model with a rectangular needle arrangement (no
offset):

1.82 m? /9 pieces = 0.202 m?.

The results obtained show that the mass of thawed
soil remains undisturbed, and there are no inclusions of
frozen soil. The time required for thawing the soil mass
is 10 days from the moment the steam needles are put
into operation.

To perform the calculation for determining the time
of return to the initial frozen state, a heat engineering
model with a “checkerboard” arrangement of needles
is used.

Modeling of ground cooling was performed after the
stage-by-stage installation of steam needles, their work on
soil thawing and disconnecting the needles with subse-
quent removal from the array. The results of the calcula-
tions are shown in Figs. 18—21.

Table 8. Results of calculations for reverse freezing of the soil mass

Maximum Size of the thawed .
Stage . Thawing contour
temperature, °C zone, m

Stage after switching off the steam needles (ground .

freezing). 10 days after switching off the needles 2598 1.7x1.3 Contouris not broken
Stage after switching off the steam needles (ground .

freezing). 20 days after switching off the needles 11:59 1.5x1.2 Contouris not broken
Stage after switching off the steam needles (ground .

freezing). 30 days after switching off the needles 362 1.2x1.0 Contouris not broken
Stage after switching off the steam needles (ground 097 _ No contour, complete
freezing). 40 days after switching off the needles ’ freezing
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k. k.

Fig. 18. A model with a“checkerboard” arrangement of needles with their displacement. Stage - 10 days from the
moment of switching off the steam needles

Fig. 19. A model with a“checkerboard” arrangement of needles (with an offset). Stage — 20 days from the moment
of switching off the steam needles

The result of calculations for determining the time of 5. CONCLUSION

soil return to its original frozen state shows that complete 1. As a result of the calculation, the optimal design of
freezing of pre-thawed soils occurs 30 days after the steam  the steam needle, its diameter, wall thickness and steam
needles are turned off and removed. supply temperature were determined.
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Fig. 20. A model with a“checkerboard” arrangement of needles (with an offset). Stage - 30 days from the moment of
switching off the steam needles. Section along the Y-axis

Fig. 21. A model with a“checkerboard” arrangement of needles with their displacement. Stage - 40 days from the
moment of switching off the steam needles. Section along the Y-axis

2. The required distance between the steam needles 4. The results of the work performed will allow us to
and their placement is determined. consider the possibility of constructing foundations of
3. The term, area, volume of permafrost to be thawed  buildings and transport structures in permafrost condi-
and the time for the soil to return to its original frozen  tions using the proposed nanotechnology.
state have been determined.
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