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ABSTRACT

Introduction. In regions characterized by permafrost soils, the construction of transport infrastructure facilities presents a complex
yet critically important challenge: ensuring the stability and operational reliability of foundations for transport structures. The com-
plexity of construction in cryolithozone regions is attributable to the difficulty in predicting the behavior of permafrost soils and
assessing the impact of various natural factors and the constructed facility itself on their condition. Methods and Materials. In the
development of transport infrastructure in regions characterized by the distribution of permafrost soils, a systematic approach
to selecting constructive and technological solutions aimed at ensuring the operational reliability of foundations for transport
structures is of critical importance. Key factors in the selection of such solutions include the forecasting of deformation processes
in foundations and the development of measures for stabilization and thermal stabilization of soil conditions. The proposed con-
structive and technological solutions should not only exert a favorable influence on the physical and mechanical characteristics of
the soil mass but also demonstrate economic feasibility. Results and Discussion. The article addresses the issues of ensuring the
stability and operational reliability of the railway subgrade on a section of the Trans-Baikal Railway located within the permafrost
soils distribution zone. The authors propose a constructive and technological solution (hereinafter referred to as CTS) involving
the installation of vertical crushed stone columns for reinforcing foundation soils. This technology can be classified under nano-
technologies in construction, as its application contributes to the enhancement of the engineering properties of permafrost soils.
A distinctive feature of the considered section is the presence of permafrost soils in the foundation of the railway embankment.
Therefore, this study presents modeling of thermophysical processes in soils and evaluates the impact of the transport infrastructure
facility-represented by the railway embankment-both with the application of the foundation reinforcement technology using verti-
cal crushed stone columns in the cryolithozone and without this CTS, on a natural foundation. An analysis of the obtained results
is provided. Conclusion. The results of the work demonstrate the feasibility of applying foundation soil reinforcement technology
using vertical crushed stone columns in regions characterized by the distribution of permafrost soils.
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AHHOTALINA

BBepeHwme. B permoHax c pacnpocTpaHeHnem MHOrofleTHeMep3JibIX TPYHTOB NPV CTPOUTENIbCTBE OObEKTOB TPAHCMOPTHOW UH-
bpacTpyKTypbl CIOXHOM, HO B TO e BpeMs BaXKHOW 3ajlauel ABnseTcA obecneyeHrie yCTOMUNBOCTY U CTaBUNbHOCT OCHOBaHWUIA
TPaHCMOPTHbIX COOPYXeHUN. CNOXHOCTb CTPOUTENBLCTBA B PErMOHAX KPUOMMTO30HbI 06yCnaBnvMBaeTca TPYAHOCTbIO NPOrHo3a
NMoBefeHNA MHOTOIeTHEMEP3JIbIX TPYHTOB U BIUAHMA Ha HUX Pa3fyHbIX MPUPOAHbIX GaKTOPOB 1 BO3BOAVIMOIO COOPYXKEHMA.
MeTtogbl 1 maTepuansl. [1py pa3BUTAN NyTell COOBLLEHWNI B PErMoHax C PacnpocTpaHeHeM MHOTONIeTHEMEP3JIbIX FPYHTOB BaXKHO
rPamMOTHO MOAXOANTb K BbIOOPY KOHCTPYKTUBHO-TEXHOSIOMMYECKYIX PELLEeHUIA, HanpaBieHHbIX Ha NMOBbILLEHNe HAafeXKHOCTN OCHOBaHWI
TPaHCMOPTHbIX COOPYXEHUI. KntoueBbIMU 311eMeHTaMm BbIOOPa TakMX PELLEHMIA BbICTYMaloT NPOrHo3rpoBaHue fedhopMaLMOoHHbIX
NpPOLIeCCOB OCHOBaHWMI, pa3paboTKa MePONPUATUI NO CTabUAM3aLMM 1 TEPMOCTabUNM3aLMN FPYHTOBbIX YCNOBUIA. [TpeanoxeHHble
KOHCTPYKTVBHO-TEXHONOMMYECKMNE peLLeHA JOMKHbI He TONTbKO OKa3blBaTb 6n1aronpuATHoe Bo3fencTBUe Ha GU3MKOo-MexaHnye-
CKMe XapaKTepPUCTVKM FPYHTOBOrO MacCcMBa, HO 1 ObITb SKOHOMMYECKM LienecoobpasHbl. Pesynbratbl n 06cyxpaeHue. B ctatbe
paccmaTpuBatloTCs BOMPOChl 06ecrneyeHrsa CTabuiibHOCTU 1 YyCTONYMBOCTU 3€MIISIHOTO MOJIOTHA Ha yyacTKe 3abalikanbCKom »enes-
HOI1 OPOI B 30HE pacrpoCTPaHeHNA MHOTrONIETHEMEP3JTbIX FPYHTOB. ABTOPaMu MPeAsIoxKeHO KOHCTPYKTUBHO-TEXHOMIOrMYeckoe
peleHue (aanee KTP) no ycTpoicTBY BepTMKabHbIX CTONIOOB 13 LWEe6HA NPU YyCUNEHNW FPYHTOB OCHOBaHMA. [laHHY0 TEXHONOTIO
MOXHO OTHECTM K HAHOTEXHOJIOTMAM B CTPOUTENbCTBE, TaK Kak B XOA4e ee NPUMeHeHNA MPOUCXOANT ynyylleHne CTPOUTENbHbIX
CBOWNCTB MHOroNeTHeMep3/blX rpyHTOB. OCOOEHHOCTbIO paccMaTPMBAEMOrO yyYacTKa ABMACTCA HaMume MHOroneTHeMep3sbix
rPYHTOB B OCHOBaHWM »efle3HOA0POXKHON HACbIMKW, NOSTOMY B JaHHOW CTaTbe BbIMNOIHEHO MOAENIMPOBaHVEe TeNNOPU3NYECKNX
MPOLLeCcCOB B rPyHTax v BAMAHME 06beKTa TPaHCMOPTHOW UHOPACTPYKTYPbl, KOTOPbIM ABAETCA »KeNle3HO[OPOXKHAA HacbIMb Kak
C MPUMEHEHMNEM TEXHONOMN apMUPOBaHWA OCHOBaHWA BEPTUKaNbHbIMU CTONI6aMM 13 WebHA B KPMONUTO30HE, Tak 1 6e3 npu-
MEHEHUS Ha eCTeCTBEHHOM OCHOBaHUU, JlaHHOM KTP, 1 npeacTaBneH aHanus nosiyyeHHbIX pe3ynbratos. BeiBog. MTorn pa6otbl
AEMOHCTPUPYIOT LiefIeco06pa3HOCTb NMPUMEHEHNA TEXHONOMM apMPOBaHNA FPYHTOB OCHOBaHWI BEPTUKaNIbHbIMY CTONI6aMK
13 LWebHA B yCNIOBUAX PAacNpOCTPAHEHNA MHOFOSIETHEMEP3STbIX FPYHTOB.

KJTIOYEBBIE CJIOBA: TpaHCnoprT, »Kene3Has opora, aBToMobuibHasA fOpora, 3eMIsiHOe MOJIOTHO, MHOFOJIETHEMEeP3Jible TPYHTbI,
BEpPTUKasbHble CTONObI U3 LWebHs, MpoMep3aHue, OTTanBaHNe, HAHOTEXHONIOTUY B CTPOUTENbCTBE

UCTOYHUKN ®UUHAHCUPOBAHNA HAYYHOW PABOTbI, PE3YJIBTATOM KOTOPOW CTAJIA NYBJIMKALUA: Ctatba noaro-
TOBJIEHa Ha OCHOBE VCC/IeA0BaHNIA, BbIMOSIHEHHDIX B paMKax rpaHTa, NpeAaocTaBleHHoro Poccnnckomy yHMBepcuTeTy TpaHCcnopTa
(MUWT) MuHuctepctBom obpa3oBaHua 1 Haykn PO B dopme cybcugmm ns dpepepanbHoro GrogkeTa Ha NpoBefeHre KPYMHbIX Ha-
YUHbIX MPOEKTOB MO MPUOPUTETHLIM HaMPaBNEHUAM HayYHO-TEXHONOMMYECKOro Pa3BMTUSA, TeMa NpoeKTa «AHanums n paspaboTka
TeopeTnYeCKrX OCHOB C NCCNIeA0BaHMEM U Pa3paboTKON KOHCTPYKTUBHO-TEXHONTOMMYECKIMX peLLeHnii No obecrneyeHnto SKCnyaTta-
LIMOHHOW HafleXKHOCTW 06bEKTOB TPAHCMOPTHOW MHPPACTPYKTYPbI B YCIIOBUAX PACNPOCTPAHEHNA MHOTONIETHEMEP3JIbIX FPYHTOBY,
cornaweHne N2 075-15-2024-559 ot 25.04.2024.

ana uMTUPOBAHUA:

Lenuntbko T.B., ApTiowenko U.A., MonaHcknin A.B., Hozgpaues A.C. AHann3 BINAHUA TEXHONOMMN YCUNEHNA OCHOBAHWA BEPTUKaSlb-
HbIMU cTON6aMU 13 LWebHA Ha NpoLecchl IPOMeP3aHNA — OTTarBaHNA MHOTONETHEMEP3JIbIX FPYHTOB OCHOBAHMA 3eMJIAHOIO MONOTHA.
HaHomexHonozuu 8 cmpoumenecmae. 2026;18(3):417-432. https://doi.org/10.15828/2075-8545-2026-18-3-417-432. - EDN: TOTDYD.

INTRODUCTION of design documentation for transport infrastructure fa-
cilities constructed in the cryolithozone. Such investiga-
The reliability of data obtained from engineering-geologi-  tions are fundamentally based on a series of laboratory soil

cal surveys represents a critical aspect in the development  tests designed to determine their key thermophysical and
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physico-mechanical properties. The resulting empirical
data serve as the foundation for conducting thermophysi-
cal calculations, which enable the simulation of variations
in the temperature-dependent strength properties of foun-
dation soils over the entire service life of a structure. The
execution of such calculations is not only mandated by
current regulatory standards (SP 25.13330.2020 [1], SP
11-105-97 Part 4 [2], RSN 67-87 [3]) but is also driven by
practical necessity, particularly in regions characterized
by adverse cryogenic processes (e.g., the presence of ta-
liks, interbedded frozen layers, saline or high-ice-content
frozen soils, as well as non-bonded frozen soils).

As previously noted, a primary challenge of construc-
tion in northern regions lies in the presence of permafrost
soils in the foundations of infrastructure facilities. Inade-
quate thermal insulation of the railway subgrade promotes
the development of adverse geocryological processes-
thermokarst, thermoerosion, and frost heave—which
ultimately compromise structural stability and induce
deformations in the subgrade [4, 5]. To prevent or miti-
gate these phenomena, a well-substantiated selection of
constructive and technological solutions is required at
the design stage [6, 7]. Frozen soils are characterized by
a pronounced dependence on thermal fluctuations and
mechanical loading. According to the principles of frozen
ground mechanics, a decrease in ambient air temperature
propagates into the soil mass as cooling, which inevitably
alters its strength properties [8]. Cryogenic processes oc-
curring in the embankment foundation critically impact
the operational reliability of the facility: they induce de-
formations in both the railway subgrade and the track
superstructure/pavement, thereby reducing the service
life of transport infrastructure [9—11].

This study presents numerical thermophysical model-
ing to evaluate the effectiveness of foundation reinforce-
ment using vertical crushed stone columns (crushed stone
piles) under cryolithozone conditions. Although the ef-
fectiveness of this CTS for frozen soils has been previously
demonstrated [12, 13], the present research focuses on a

site characterized by distinct cryolithological conditions
and employs a different software package, Frost 3D, for
thermophysical modeling.

METHODS AND MATERIALS

The forecasting of the temperature regime of founda-
tion soils on a section of the Trans-Baikal Railway was
performed using the software package Frost 3D (Frost.
Thermo module) [14]. This software product implements
a numerical solution of the three-dimensional heat trans-
fer problem in frozen soils, accounting for phase transi-
tions and seepage. The calculation considers soil type, ice
content, and salt concentration in pore moisture, which
determines the initial freezing temperature.

The capabilities of the module include accounting for
the influence of engineering structures, thermal stabilizers,
snow cover, and embankments through boundary condi-
tions. A distinctive feature of the algorithm is the simula-
tion of seepage, which is a determining factor for water-
saturated media. The geometric component of the model is
formed based on multilayered engineering-geological strata
and digital terrain models imported from point clouds.
The mathematical formulation of the problem represents a
coupled system of heat conduction and filtration equations.

The climatic conditions for the modeled section are
presented in Table 1 [15].

For the ground surface, the effect of solar radiation
is accounted for in accordance with Set of Rules SP
447.1325800.2024 “Railways in Permafrost Regions” [16]
by applying a total air temperature correction: A7=3°C
is added to the monthly average air temperature values
from April through September.

The spatial model represents a 3D fragment of the
geological medium. The upper boundary is defined by
the ground surface, while the lower boundary is con-
strained by a plane positioned at a sufficient distance to
eliminate edge effects within the zone of interest. The
lateral boundaries are characterized by the absence of

Table 1. Climatic characteristics for the section of the Trans-Baikal Railway [15]

Month I I In v v vi viL | vin | X X Xi Xii
T, °C 240 | -180 | 80 | 30 | 110 | 170 | 190 | 175 | 95 | 00 | -120 | -21.0
V,,p M/s 425 | 441 | 463 | 508 | 483 | 381 | 336 | 341 | 397 | 425 | 430 | 4.19
5, M 005 | 008 | 018 | 024 022 | 029 | 012
P, ka/m? 012 | 014 | 015 | 018 011 | 012 | 014
A, V/m - °C 014 | 016 | 017 | 020 013 | 014 | 016
R, M?-°C/ Vt 033 | 032 | 031 | 026 016 | 037 | 033
a,,, Vt/m?-°C 184 | 212 | 250 | 305 | 830 | 758 | 7.10 | 662 | 686 | 333 | 199 | 189

Note: T_ - air temperature, °C;V,,  — wind speed, m/c; §
conductivity of snow, Vt/m - °G;R_
surface, Vt/m?. °C

snow

w

- snow cover height, m; p
- thermal resistance of snow cover, m?- °C/ Vt; a

ow — SNOW density, kg/m* A~ thermal

- heat transfer coefficient at the ground

surf
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heat exchange (zero heat flux), which is justified by the
symmetric formulation of the problem.

According to [1, 15], the physical, thermophysical
properties and engineering-geocryological conditions for
the Trans-Baikal Railway section subjected to predictive
thermal calculations are presented in Tables 2 and 3.

In order to identify the degree of influence of the pro-
posed constructive and technological solution (hereinaf-
ter referred to as CTS) on the temperature regime of the
“embankment—foundation composed of permafrost soils
(PS)” system, the study assumes that the placement of the
railway subgrade (RS) is carried out in mid-September.
In this case, the modeling is performed under baseline
conditions, excluding the use of thermal insulation,
nanomaterials, and other special temperature-regulating
technologies.

The design period was set at 50 years: from 01.10.2025
to 01.10.2075.

v

Figure 1 presents the embankment model without
the application of the proposed CTS for the considered
section.

In the considered section, the foundation soils are
represented by peat, loams, and gravel-pebble soil.
From a geocryological perspective, the peat and loam
were in a thawed state at the time of the surveys. The
gravel-pebble soils are represented by cooled high-tem-
perature frozen soils; however, they do not contain ice
inclusions and/or cementing ice, which form cryogenic
structural bonds-such soils do not exhibit settlement
upon thawing.

Technological aspects of installing vertical crushed stone
columns for foundation soil reinforcement

The vibration replacement technology, implemented
through the installation of crushed stone piles (vertical
crushed stone columns), involves the formation of verti-

Table 2. Soil properties for the section of the Trans-Baikal Railway [15]

Designa- Unit of Frozen loam, Gravel-peb- Medium-
Parameter 19 measure- Peat soft-plastic P grained
tion . ble soil
ment upon thawing sand
Total gra\{lmetrlc moisture content of W % 511 037 0.2 0.27
frozen soil tot
Moisture Fon_tent of frozen soil located w % _ 0.02 B _
between ice inclusions i
Unfrozen water content in frozen soil w, % - 0.050 - 0.007
Soil density P, g/cm? 0.4 1.68 1.67 1.89
Soil skeleton density P, g/cm? - 1.21 - 1.48
Total ice content of frozen soil oot fu. - 0.43 - 0.44
Ice content due to visible ice inclusions i fu. - 0.12 - -
Degree of soil salinization sal % - 0.816 - 0.034
Initial freezing temperature of soil T °C -0.13 -0.23 -0.31 -0.10
Thermal conductivity of soil in thawed A Vt/(me-C) 04 157 213 1.90
state th
Thermal conductivity of soil in frozen A Vt/(m+°C) 07 217 272 210
state f
\S/t(;Ituemetrlc heat capacity of soil in thawed C, J(m*K) 3440 3080 2330 785
;/&I;Jemetnc heat capacity of soil in frozen C (M3+K) 2180 2030 2150 525
Degree of peat content I fu. - 0.06 - 0.01
Plasticity index A fu. - 0.06 - -
Table 3. Soil temperature for the section of the Trans-Baikal Railway [15]
HEEEEe 1 2 3 4 5 6 7 8 9 10
measurement depth, m
Soil temperature
as of 11.08.2020, °C 5.75 1.91 0 -0.19 | -0.28 -0.21 -0.31 -036 | -0.42 -0.4
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Gravel-pebble soil

Fig . 1. Embankment structure without reinforcement for the section of the Trans-Baikal Railway

cally compacted crushed stone columns within the soil
foundation using specialized vibratory equipment [17].
This technology is aimed at enhancing the bearing capac-
ity of the foundation, whereby the crushed stone elements
function as vertical drains, contributing to the reduction
and optimization of moisture content in foundation soils.
In this regard, this technology can be classified under
nanotechnologies in construction.

The design of the reinforcement system is based on the
principle of a rational distribution of supporting elements
across the entire area of the soil mass. The arrangement
of columns may vary: both a staggered pattern and a grid
layout (triangular or rectangular) are permissible. The
embedment depth of the columns is correlated with the
thickness of weak soil layers (in the considered context—
the active and thawed layers) [18].

Installation is performed using a vibratory probe sus-
pended from crane equipment. Penetration to the design
elevation is achieved under the combined action of the
tool’s self-weight and vibratory oscillations. In cases of
high soil density, pre-drilling may be applied [19].

The essence of this reinforcement method is based
on the fact that the vibrating probe disrupts the pore
structure of the surrounding soil, inducing its additional
compaction. The crushed stone replaces the weak soil,
bearing the pressure exerted by the tool [20]. The grain-
size distribution of the crushed stone, as well as the spac-
ing and diameter of the columns, are regulated by the
requirements of the design documentation.

The transport embankment with a foundation rein-
forced by vertical crushed stone columns, designed for
permafrost soils, is presented in Figure 2.

EMBANKMENT

Fig. 2. Transport embankment
with foundation reinforced by
vertical crushed stone columns

STONE COLUMNS (crushed stone piles) on
permafrost soils (PS)
http://nanobuild.ru 421 info@nanobuild.ru
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To perform the thermophysical calculation, when
forming the calculation model, a layout scheme for ver-
tical crushed stone columns with a spacing of 1.9%X2.2 m
and a diameter of 700 mm is used, as presented in Fig-
ure 3.

The physical and thermophysical characteristics of
crushed stone are presented in Table 4.

RESULTS AND DISCUSSION
To analyze the impact of installing vertical crushed

stone columns for reinforcing the railway subgrade foun-
dation on permafrost soils under the conditions of the

Nanob%

Trans-Baikal Railway, numerical thermophysical model-
ing was performed using the Frost 3D software package.
For the predictive calculation, a computational domain
with dimensions of 150.0x15.0%30.0 m (along the x, vy,
and z axes, respectively) was selected. The computational
domain of the embankment without and with the appli-
cation of the proposed CTS, along with their boundary
conditions, are indicated in Figures 4—35.

Modeling of the upper boundary was based on third-
type boundary conditions (Robin conditions), which ac-
count for heat exchange with the external environment,
considering climatic features and snow cover. At the same
time, the lower and lateral boundaries were thermally

1900
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A ! J
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I ’ I
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Zone of influence A=4,18 m2

Fig. 3. Layout scheme for vertical crushed stone columns [19]

Table 4. Physical and thermophysical characteristics of crushed stone [13]

Parameter Designation L Crtfshed stone,
of measurement fraction 20-40 mm
Total moisture content W, % 0.14
Density P, kg/m3 1475.8
Initial freezing temperature T °C -0.05
Thermal conductivity in thawed state A Vt/(m-°C) 2.64
Thermal conductivity in frozen state A Vt/(m-°C) 2.73
Volumetric heat capacity in thawed state C, J/(m3K) 2300
Volumetric heat capacity in frozen state C J/(m3K) 2109.6
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BC 3 type
Snow 20%

BC 3 type
BC 3 type Snow 150%
Snow 100%

BC 3 type
Snow 100%

Fig. 4. Computational domain for the section of the Trans-Baikal Railway on natural foundation

-3

0-65'

.8 75 7

BC 3 type
" Snow 20%

BC 3 type

now 150%

BC 3 type
Snow 100%

Fig. 5. Computational domain for the section of the Trans-Baikal Railway with foundation reinforced by vertical

crushed stone columns

insulated, which is described by second-type boundary
conditions with zero heat flux.

The design period was set at 50 years: from 06.08.2025
to 30.09.2075.

The calculation results demonstrated that the foun-
dation reinforcement technology using vertical crushed
stone columns has a positive effect on the temperature
regime of foundation soils, producing a cooling effect.

This effect will be considered across various time in-
tervals.

Figures 6 and 7 show the temperature isopleths for the
5™ year of the winter period.

According to the thermophysical model presented in
Figure 7 as of 30.04 of the 5" year of modeling, the forma-
tion of taliks (highlighted in yellow) was recorded in the
zone where the embankment slopes adjoin the natural
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Fig. 6. Thermophysical model of the embankment on natural foundation as of 30.04 of the 5™ year of the design
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Fig. 7. Thermophysical model of the embankment with foundation reinforced by vertical crushed stone columns as

of 30.04 of the 5% year of the design period

foundation. These geocryological processes may lead to
deformation processes that create adverse consequences
for the operational reliability of the engineering structure.

In Figure 7, as of 30.04 of the 5" year, it can be ob-
served that at the toe of the embankment slopes-com-
pared to Figure 6 (without reinforcement)-the taliks that

had formed are absent. These taliks could have led to
stability impairment of the structure; thus, the technology
begins to demonstrate its effectiveness after five years of
operational service. For a more illustrative representa-
tion, Figures 8 and 9 present the temperature field plots
for the same years.
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Fig. 8. Thermophysical modeling with temperature field plots as of 30.04 of the 5% year of the design period for the

embankment on natural foundation (taliks shown in red)
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Fig. 9. Thermophysical modeling with temperature field plots as of 30.04 of the 5% year of the design period for the
embankment with foundation reinforced by vertical crushed stone columns

In addition to the absence of taliks, Figure 9 also
shows active freezing of soils occurring within the em-
bankment body.

Let us consider the temperature isopleths and tem-
perature field plots as of 30.09 of the 15" year. Figures 10
and 12 show the temperature isopleths as of 30.09 of the
15" year of operational service, while Figures 11 and 13
present the temperature field plots for the embankment
on natural foundation and on foundation reinforced by
vertical crushed stone columns, respectively.

As can be observed from Figure 10, soil thawing is pro-
gressing, and the thawed zone, initially at a depth of 2.0 me-
ters, has descended to 6 meters during the summer period.

This process is more clearly illustrated in Figure 11.
It can be seen from the figure that the embankment body
is also subject to thawing.

Figure 12 shows that the crushed stone columns im-
pede the degradation of permafrost soils, although com-
plete prevention of thawing is not achieved. In compari-
son with the model without reinforcement, the thawed
zone progressed to 3 meters (from the initial 2 meters),
whereas in the model without reinforcement it reached
6 meters-demonstrating a significant effect.

This process is more clearly illustrated in Figure 13.
It is noticeable that the embankment body is also subject
to thawing.
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Fig. 10. Thermophysical model of the embankment on natural foundation as of 30.09 of the 15" year of the design
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Fig. 11. Thermophysical modeling with temperature field plots as of 30.09 of the 15" year of the design period for

the embankment on natural foundation

Figure 13 clearly shows the stabilization of negative
temperatures within the embankment body. This contrasts
with the data presented in Figure 11, where, in the absence
of foundation reinforcement with vertical crushed stone
columns, the temperature regime remains near-zero.

Observing the dynamics of freezing-thawing pro-
cesses, let us consider the final models and temperature
field plots after the winter period of the 20" year for the
embankment on natural foundation (Figures 14—15) and
for the embankment with foundation reinforced by verti-
cal crushed stone columns (Figures 16—17).

In comparison with the 5th-year model (Figure 6),
the size of the taliks has increased several-fold, which is
more clearly illustrated by the temperature distribution
plots (Figure 15).

The thawed zone is also present in the model with
reinforcement, but it is significantly smaller in both scale
and temperature magnitude.

It can be concluded that the installation of vertical
crushed stone columns for foundation reinforcement is
justified and has a positive effect on the cooling of per-
mafrost soils. Thus, this technology incorporates not only
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Fig. 12. Thermophysical model of the embankment with foundation reinforced by vertical crushed stone columns
as of 30.09 of the 15 year of the design period
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Fig. 13. Thermophysical modeling with temperature field plots as of 30.09 of the 15" year of the design period for
the embankment with foundation reinforced by vertical crushed stone columns

http://nanobuild.ru 427 info@nanobuild.ru


http://nanobuild.ru/ru_RU/

1SSN 2075-8545 (online)

Nanotechnologies in construction 2026; 18 (3):
HaHoTexHonornn B cTtponTenbcTee 417-432 NanOb

SYSTEM SOLUTIONS FOR TECHNOLOGICAL PROBLEMS

Temperature, °C 30.04.2055

1 Ty

LR

VH &WWNNREHODODORKNNWWSLAEWN
DUDVDIVNODVDIVNDIVNOIVDIVDIVNDND

Fig. 14. Thermophysical model of the embankment on natural foundation as of 30.04 of the 30t year of the design
period
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Fig. 15. Thermophysical modeling with temperature field plots as of 30.04 of the 30" year of the design period for
the embankment on natural foundation
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Fig. 17. Thermophysical modeling with temperature field plots as of 30.04 of the 30" year of the design period for
the embankment with foundation reinforced by vertical crushed stone columns
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stabilizing elements (enhancing the strength characteris-
tics of thawed soils) but also thermal stabilizing elements,
which impede the rapid degradation of PS.

As a perspective for further thermotechnical modeling,
it is recommended to include thermal insulation materials
on the upper part of the vertical columns.

CONCLUSION

The modeling and analysis of thermophysical process-
es in the foundations of transport structures constructed
in the cryolithozone, performed during the study, dem-
onstrated the high significance of accounting for thermo-
dynamic interaction within the “embankment—frozen
soil—external environment” system.

Numerical modeling performed using the Frost 3D
software package made it possible to assess the dynamics
of temperature changes in foundation soils when applying
various constructive and technological solutions-both
without special thermal stabilization measures and with
foundation reinforcement using vertical crushed stone
columns.

The modeling results for the section of the Trans-
Baikal Railway demonstrated that, under conditions of
climate change and operational impacts, the absence of
special thermal stabilization measures for permafrost soils
in the foundations of transport structures leads to their
intensive degradation, formation of taliks beneath em-
bankment slopes, and significant foundation settlements.
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