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ABST RAC Railway construction in the adverse climate and environmental conditions of the Arctic Zone in Russia
is characterized, on the one hand, by a shortage of local soils of suitable quality due to the prevalence
of ice-rich soils in the area, and on the other hand, by a significant increase in requirements for soil material as a result of
levelling off the terrain along the route on permafrost soils by building embankments, almost without excavations.All these are
factors that make construction significantly more expensive. The authors offer engineering solutions for a significant reduction
in the amount of excavation work and requirements for local soil material when building the subgrade.
The primary features of the climate and environmental conditions in the Arctic Zone include huge amounts of snow
transport and severe geocryological conditions. The selection of a route location for a project is heavily complicated by
the highly developed destructive geocryological processes, with one of them being the downslope viscoplastic flow of
waterlogged fine-grained soils in the conditions where they alternately freeze and thaw and are influenced by gravity
(solifluction).
The paper presents a technology for modifying the terrain by means of artificial solifluction in areas where a line crosses terrain
obstacles, and describes the solutions for both inducing and halting solifluction within the desired limits. The authors discuss
the most promising applications of artificial solifluction, such as local terrain obstacles and approaches to bridges crossing
non-navigable rivers.
The study puts forward a hypothesis that soils in the base of railway embankments are thermally stabilized by snow deposits
as they accumulate in winter and persist through the warm season, and proposes solutions for long-term preservation of snow
deposits at the toe of embankments.
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I—L CTpouTenbCTBO XKenesHblX AOPOr B HEO6NAronpuaTHbIX NPUPOLHO-KIMMATUYECKUX YCIO0BUSAX ApK-
TMYECKOM 30Hbl PoccuM xapakTepusyeTcs:, C OLHOW CTOPOHbI, 4eDULUMTOM KOHAMUMOHHBIX MECTHbIX FPYHTOB, BbI3BAHHbLIM LWIMPO-
KMM pacnpoCTPAHEHMEM BbICOKONbAMCTBIX FPYHTOB; C APYrov CTOPOHbI, 3HAUYUTE/bHbIM YBENMYEHUEM MOTPEOHOCTU B TPYHTAX,
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BCNEACTBUM CpsMNeHns penbeda Tpacchl Ha MHOTOIETHEMEP3/IbIX FPYHTAX 338 CHET COOPYXKEHMS HACIMEN, MPAKTUYECKU UCKITHO-
uas BbleMKU. Bce 310 hakTopbl 3HAUNUTENBHOTO YA0POXKAHWUS CTPOUTENLCTBA. MpefnoXeHbl TEXHUYECKME peLleHus, NO3BoNsoLLMe
3HAUUTENbHO COKPATUTb 06bEMbI 3€MIISIHBIX PAabOT U NOTPEBHOCTH B MECTHBIX FPYHTaX NpU CTPOUTENLCTBE 3EM/ISIHOMO MOJIOTHA.

K 0cobeHHOCTAM NMpUPOLHO-KAMMATUMYECKMX YCNOBUIA APKTUYECKOM 30HbI NpeXae BCero cieayeT OTHECTU TMraHTCKMe 06beMbl
CHEeronepeHoca v CNOXHble reokpuonornyeckue ycnoBus. CUnbHO pa3BWTble AECTPYKTUBHbIE F€OKPUOMOTMYECKMMU MPOLLECCH,
O[LHVM M3 KOTOPbIX SBNSETCS BA3KOMNIACTUYECKOE TeHEHME NepeyBaXHEHHbIX TOHKOAWUCMEPCHbBIX FPYHTOB Ha CKIOHAX B YC/OBU-
X UX MONepeMeHHOro NpoMep3aHus, MPOTanBaHUS U AENCTBUS CUITbl TSHKECTU (CONUMIIOKLMSA), 3HAUUTENTBHO YCIIOXHSIOT BbIGOp
Tpacchbl obbekTa.

M3noxeHa TexHonorns naMeHeHus penbeda Ha y4acTkax nepecevyeHmns Tpaccon penbedHbiX NPensTCTBUIA NYTEM UCKYCCTBEHHOM
conudniokumun. OnucaHbl pelleHuns, Kak NPoBOLMPOBaHMS NPOLLeCca CONUMIOKLMM, TaK U €70 OCTAHOBKM B TpeByeMbIX rpaHULLAX.
PaccmoTtpeHbl Hanbonee nepcnekTMBHbIE 061ACTU NPUMEHEHUS UCKYCCTBEHHOM CONMMIOKLMU: NOKaNbHbIe penbedHble npensT-
CTBMS U NMOAXOAbI K MOCTaM Yepe3 HeCyLOXOAHbIE PEKMU.

BblaBMHYTa rMnoTesa o TepMoCcTabunmsaLum rpyHTOB OCHOBAHWIA XKeNe3HOAOPOXKHbIX HAChINEN CHEXHbIMU OTNIOKEHUAMMU, 33 CHET
MX HaKOM/IEeHUS 3UMOW M COXPAaHEHWS MPU HACTYNAEHWM TENNOro Nnepuoaa. lNpeasioxeHbl pelleHns no AJIMTeNbHOM KOHCepBaLLMm

CHEXHbIX OT/IOKEHMWI Yy NOLOLBbI HACINEN.
MHOrOfIeTHEMEep3/ble TPYHTbI; pacTenieHne rpyHToB; CONUMIOKLMSA; NPOEKTU-

Kn |-O q E B bl E Cn O BA- poOBaHMUE XXene3HbIX 4OPOr; NoAroTOBKa TEpPUTOPUU CTPOUTENDBCTBA,; IbANUCTbIE

FPYHTbI; CHEXHbIE OTNIOXEHUA; TadHUE CHera; COXpaHeHUe CHera

Ins umtnuposanus: Cenesznes A.B., baawko J1.C. HeTpuBManbHble peleHns MCnoib30BaHUS CypOBbIX YCNOBMI APKTUYECKOW 30HbI B
XenesHonopoxHoM crpoutensctee // Tpancnopt BPUKC. 2026.T. 5. Boin. 2. Cr. 4. https://doi.org/10.46684/2026.2.4. EDN: BXYGEB.

INTRODUCTION

The strategy of the Russian Federation for the
development of railway transport puts a major focus
on the construction of railway corridors to link
ports in the Pacific and Indian Oceans with destina-
tions along the Northern Sea Routel. A considerable
number of these routes run through the Arctic Zone.

The region in question features thaw-weakened
permafrost soils; therefore, a guiding principle in
designing the subgrade on these soils is to level off
the terrain by building embankments and using
almost no excavations. This approach requires a sig-
nificant amount of excavation work. A shortage of
local soils of suitable quality for building the sub-
grade is a substantial factor affecting the cost and
length of construction projects in the Arctic region.
It is even more challenging when a railway line
extends further to the north where ice-rich perma-
frost soils are more prevalent.

Due to the shortage of local soils of suitable
quality, the distances from the quarry to the con-
struction site are significantly longer. Construction
of railway lines in high altitudes is significantly
more expensive because there is almost no road
infrastructure in the area of construction, soils can
only be delivered by winter snow roads (in the warm
season, dump trucking in the tundra zone is pro-
hibited), and building on-site storage areas for the
soil material is very costly.

The following should be addressed in order to
reduce the amount of excavation work and require-

ments for the local soil material to build the sub-

grade when constructing railways in the Arctic Zone:

e Reduce the route development ratio by
bypassing terrain obstacles while lowering the
embankment height;

e Lower the embankment height on approaches to
bridges over non-navigable rivers; and

e Switch to subgrade transverse profiles with
steeper slopes.

When addressing the above objectives, it is, first
of all, necessary to take into account the adverse
climate and environmental conditions in Russia’s
Arctic Zone, such as collapsible ice-rich permafrost
soils in combination with huge snow transport
volumes, which can reach as much as 1,000-1,500
m3/m per year. The former requires engineering
solutions to keep the base soils frozen both during
the project construction period and throughout its
operation period and to prevent any destructive
geocryological processes, such as thermokarst
development [2, 3]. The latter requires both engi-
neering and operational solutions to effectively
prevent disruptions in the transportation process,
safety failures, and interruptions in train traffic due
to snowdrifts.

Below, we describe possible solutions for inte-
grating some of the adverse climate and environ-
mental conditions in the Arctic Zone into con-
struction and operation of railway lines in order
to improve their reliability and reduce the cost of
building the subgrade.

! Transport Strategy of the Russian Federation until 2030 with a Forecast until 2035, approved by Order of the Government of
the Russian Federation No. 3363-r dated November 27, 2021. URL: http://static.government.ru/media/files/7enYF2uL5KFZ100pQ

hLIONUT91RjCheR.pdf.
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ARTIFICIAL SOLIFLUCTION FOR PRE-
CONSTRUCTION MODIFICATION OF TERRAIN

As it is obvious that the flatter the railway area,
the lower the line’s route development ratio is and
the lower the embankment heights are, the question
is, how can we modify the existing terrain and reduce
the number of local terrain obstacles? The answer was
obtained from years of observation over construction
projects in the permafrost zone. The analysis reviewed
cases when construction operations triggered the flow
of fine-grained soils on slopes as they thawed, the time
it took to stabilize the slopes, and final construction
outcomes. It has been found that it is possible to level
off the terrain during the preparation for the con-
struction phase.

It is proposed to level off the terrain along the
construction project’s route at sections comprised of

thaw-weakened icy and ice-rich permafrost soils by
activating or triggering solifluction, that is the flow
of fine-grained soils on slopes (with an angle of 2-3
grades or more) in the conditions where they alter-
nately freeze and thaw and are influenced by gravity.
The plastic flow of fine-grained soils occurs on the not-
yet-thawed, slippery surface of the frozen lower layer.
Where the topsoil is not available or destroyed and the
thawed layer, particularly its lower part, is strongly
moistened due to the ice it contains and filtration of
moisture from above, the solifluction process turns
into the downslope runoff of soil in thin layers [4].
Inducing solifluction on predetermined sections
during the pre-construction phase involves full or partial
removal of the topsoil and activation of horizontal
thawing. This significantly accelerates the formation of
a flowing thawed layer during the warm season (Fig. 1).

Fig. 1. Run-off of the thawed-out soil after the topsoil removal

The technology for railway construction in the
Arctic Zone was developed by employees of the Railway
Track Department of the Emperor Alexander I St.
Petersburg State Transport University in cooperation
with the Laboratory of Engineering Thermophysics
and is known as “Artificial solifluction” [5].

Thaw-weakened soils of the elevation flow down the
slope, leaving the surface without any thermal resistance
to environmental factors (wind, solar radiation, and

rain). This creates a vertical surface (bench) that soon
begins to move horizontally. The vertical size of the bench
depends on the soil characteristics and the configuration
of the rise. The thawed-out soil or ice flows downslope
and, where the slope of the terrain at the foot of the ele-
vation is longitudinal, towards lower elevations (Fig. 2).
The natural grade of the slope resulting from the soil flow
is much more gentle than the original one because the
upper part of the slope has flowed down.

Fig. 2. Changes in the slope of an elevation comprised of thaw-weakened soils as a result of slope cutting:
1 - natural slope surface; 2 - stabilized slope surface after the deformations; 3 - design slope;
4 - original area of slope cutting with flattening; |-VI - deformation development stages

Artificial solifluction is effective as it requires
minimal labour costs for excavation operations as the
terrain levels off “automatically”.

TRANSPORT INFRASTRUCTURE

In a construction project, the amount of artificial
solifluction should be predictable. During the artificial
solifluction, a terrain obstacle is eliminated/destroyed
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either to the point where the flowing soil body reaches
a balanced state, or after the elimination of thawing
conditions on a gentle slope by covering the exposed
vertical surface (bench) to provide a thermal shield.

The thermal shield at the border of the artificial
solifluction area is provided in advance [6]. To this
end, a solution for protecting the adjacent area has
been developed (Patent No. 2769793 C1) [7]. A pro-
tection block with estimated height h and breadth b
is built from suitable local soil at the upper border of
the area where the profile is created (Fig. 3).

Fig. 3. Structure diagram of the thermal shield at the border of the
artificial solifluction area: d - the area with moss and vegetation
removed; C - the area with undisturbed natural conditions;

b and h - the breadth and height of the protection block,
respectively; 1:/, - the original slope; 1:/, - the resulting slope;

1 - the original slope surface; 2 - the flowing soil body;

3 - the slope of the protection block after the slope stabilization work;
4 - the protection block; 5 - the natural slope surface;

6 - the slope surface after artificial solifluction; ¢ - the slope angle
of the protection block; a - the angle of the resulting slope

The resulting profile is stabilized either naturally
or by implementing other engineering solutions, such
as installing thermal insulation or anti-erosion struc-
tures on the slope. It is also possible to use a combi-
nation of these solutions.

ARTIFICIAL SOLIFLUCTION ON APPROACHES
TO BRIDGES

Artificial solifluction on approaches to bridges
where the river valley is narrow, the slopes of the
terrace above the floodplain are steep, and the dif-
ference between the water line and the valley-side edge
is large provides an additional technical and economic
effect due to a significant reduction of the bridge length
and abutment height, which is of great relevance for
crossing non-navigable rivers in the Arctic Zone.

In terms of preserving the ecology of the riverbed
by the withdrawal of soils through the artificial solif-
luction of the slopes of the terrace above the floodplain,
it should be noted that the process is similar to the for-
mation of a riverbed (channel meandering) through
the river development cycles.

HYPOTHESIS FOR THERMAL STABILIZATION
OF EMBANKMENT BASE SOILS BY SNOW
DEPOSITS

On railways in the Arctic Zone, a snow-resistant
subgrade is built to prevent the accumulation of snow.
The transverse profiles of such a subgrade are built
with gentle slopes (steepness of 1:3 to 1:5 or gentler).
Flattening the subgrade slopes is not only an effective
means of snow control, but it also minimizes deposits of
snow at the toe and on the slopes of the embankment.
Fig. 4 shows how snow deposits depend on the slope
grade?. Field observations over excavations with
beach slopes on the Obskaya-Bovanenkovo-Karskaya
railway line confirm that snow deposits follow this
pattern (Fig. 4, ¢).

Embankment height, m

Distance from the track centreline, m

Embankment height, m

1 2 3 4 ] 6 7 ] 9 10
Distance from the track centreline, m

Embankment height, m

Distance from the track centreline, m

c
Fig. 4. Influence of obstacle / slope grade on snow
accumulation: a - 1:1 slope, b - 1:3 slope,
¢ - 1:6 slope; the arrows show wind direction;
the shaded area indicates the area
of snow deposits

Increasing snow deposits at the toe and on the
slopes of the embankment disturbs the heat balance
of the base soils, making them thaw, promoting
thermokarst activity and, hence, deformation of the
subgrade. Fig. 5 shows how the temperature of perma-
frost soils changes with an increase in snow deposits.
Depending on the air temperature, snow accumu-
lation patterns, and snow cover density, the graphs of
soil temperature behaviour have different numerical
parameters, but similar profiles.

2 Snow. Handbook. Leningrad. Gidrometeoizdat. 1986:607.
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Fig. 5. Dependence of soil temperature at the zero-amplitude depth in a steady state on snow cover thickness

Observations over transport facilities and terrain
irregularities on the Yamal Peninsula show that in
this region, the slope grade of snow deposits ranges
between 1:5 and 1:10 and gentler. Besides, the further
north a site is located, the lower the grade of snow accu-
mulation at an obstacle is. A combination of the factors
such as extending railways to the north of the perma-
frost soil area and global climate warming will require
subgrades with even gentler slopes for a streamlined
transverse profile.

The increasing flatness of subgrade slopes
leads to a significant increase in the width of the
embankment toe which is comprised of the subgrade
width (the distance between the shoulder lines) and
two slope projections on the earth surface, i.e. to
an increase in the area with the disturbed natural

31m

40 s

7
v s

ground surface and to an increase in the area where
the thermal balance of base soils and hydrological
conditions are disturbed.

Fig. 6 presents a comparison of the subgrade’s
transverse profile with slopes of varying steepness
and Table 1 lists requirements for the soil material
for the embankment (excluding the fill volume for
the protective layer which, in the areas in question,
is only built using the off-site sand, crushed stone
and gravel mix) and the area of the embankment
toe. An analysis of these data shows that flattening
the embankment slopes increases the amount of
excavation work several times. As a result, in high
altitudes, railway construction becomes increasingly
costly and, given the shortage of suitable local soils,
hard to implement.

Protective layer from off-site soil material

10

Subgrade centrellneol3m

Fig. 6. Transverse profile of the subgrade with slopes of varying steepness

Switching to transverse profiles of the subgrade
with steeper slopes will require addressing the earlier
mentioned issue of thermokarst development at the toe
of the embankment. At present, to prevent thermokarst
activity, foam polystyrene heat insulating shields are
installed both within the subgrade and in the adjacent
area®. A shortcoming of this engineering solution is that

TRANSPORT INFRASTRUCTURE

heat insulation not only prevents heat from getting to the
subgrade body during the warm season, but also prevents
soil freezing during the cold season. Worth mentioning
are two conditions typical of the Arctic Zone: First, the
average annual air temperature is negative, and second,
the beginning of the cold season does not always coincide
with significant snowfalls and snow transport.
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Table 1
Requirements for soil material (V) for building the subgrade (without a protective layer) and the toe area of the embankment

Embankment height, m

Slope
a5 | 25 | 35 |
steepness, 1:m
1:1.5 10.14 10.6 22.34 13.6 37.54 16.6
o (100 %) (100 %) (100 %) (100 %) (100 %) (100 %)
1:4 15.2 18.2 374 26.2 67.6 34.2
: (150 %) (172 %) (167 %) (193 %) (180 %) (206 %)
1:10 26.54 36.2 72.73 56.2 138.92 76.2
: (262 %) (342 %) (326 %) (413 %) (370 %) (459 %)

Studying the process of spare snow accumulation
for skiing tracks in case of a dry winter enables us to put
forward a hypothesis that soils at the base of railway
embankments are thermally stabilized by snow deposits,
and this prevents the thermokarst development when
subgrade slopes are steeper.

In the cold season, the increasing amount of snow
deposits contributes to thawing of the permafrost as this
prevents the heat exchange between the warm soil and the
cold environment. However, if we preserve the snow cover
during the warm period, it will serve as a cooling factor, as it
will shield the soil from the environmental heat.

Melting of the snow cover is a complex combination
of heat-and-moisture exchange between the atmosphere
and snow, snow and soil, and a number of processes
that take place in the snow mass, such as evaporation
and crystallization, consolidation and deconsolidation,
formation of firn and ice, and so on [8]. Snow melting is
influenced by a variety of local conditions, such as snow
stratigraphy, density, availability of a vegetation cover,
snow surface pollutants, topographies, etc. But the
primary meteorological factors affecting snow melting
are the average daily air temperature, average daily
vapour pressure in snow layers, wind velocity, and total
solar radiation.

When elements of the complete heat balance of the
snow surface are explicitly used in the snow melting
model, it is considered as a physical energy balance
model [9]. The general formula for the energy balance
model in a snow melting environment looks as follows:

Ls'Ms=R5+QE+Qs+QG+QP’ @
where L, is the specific heat of snow melting; M is the
amount of melting snow; R, is the radiation balance of the
snow surface; Q, is the latent heat flux from evaporation
from snow; Q, is the sensible turbulent heat flux; Q,, is the
heat flux from the soil; and Q, is the heat transferred to
the snow mass by rain.

Snowdrifts are highly thick and dense. The density
of snow in snowdrifts is usually 0.25 to 0.35 g/cm?, but
after a long exposure to strong winds, which is typical of
the Arctic Zone, the density of snowdrifts reaches 0.40 to
0.50 g/cm?®. These snow deposits can support the weight of

a human or a Trekol all-terrain vehicle. It is important to
note that the left-hand side of equation (1) increases with
the increase in the density of snow deposits. Therefore, all
other things being equal, their melting time increases, too.

The temporal and spatial variability of snowmelt
characteristics are mainly determined by variations
in meteorological variables, such as air humidity, air
temperature, precipitation, wind speed, and radiation
absorption. While construction solutions and railway
operation cannot influence air temperature alone, the
other meteorological variables involved in snowmelt
can be influenced by engineering solutions. By reducing
wind blowing over the snow surface, ensuring that the
snow surface is dense and even, reducing the absorption
of radiation energy by the snow, and reducing rainfall
on the snow, it is possible to significantly extend the
duration of the snow cover at the embankment toe
during the warm season, thereby improving the tem-
perature balance in the permafrost soils of the base.

The influence of precipitation (rain) and wind (heat
flux and evaporation) on snow deposits is reduced by cre-
ating a wind- and waterproof coating on the snow surface.

In addition to its immediate function, the snow
surface coating should meet the following require-
ments: it should be inexpensive, easy to install in a
given environment, be temporary (with a service life
within the warm season), and leave no environmen-
tally unfriendly residues when decomposing.

Materials with the required functions (temporary
waterproofing and wind protection coatings) exist and
are widely used in agricultural engineering, landscape
architecture, and construction-related conservation.
These include roll materials and liquid compounds
(membrane forming spray materials).

When unrolled and watered, roll materials stick
together with the base or substrate to create a monolithic
coating. These include starch- or polylactic acid (PLA)-
based mulch films with a water-activated layer and non-
woven viscose/cellulose fabrics impregnated with poly-
vinyl alcohol or an environmentally friendly binder.

Advantages of roll materials: They are completely bio-
degradable, the degradation period (two to six months)

% Organization Standard STO 72746455-4.6.6-2025. Road Embankments in Permafrost Zones. Using TECHNONICOL XPS Thermal
Insulation to Stabilize the Temperature Regime of Soils in Embankment Base and Body // TekhnoNICOL - Construction Systems
Limited Liability Company. Moscow: (sine nomine), 2025. URL: https://nav.tn.ru/documents/sto/ast_72746455_4_6_6_2025.
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can be set during production; they provide perfect wind

protection; and they are waterproof. Drawbacks: The

surface for laying must be flat; installation requires rela-
tively high manpower efforts.

A more general way to build a protective coating
is to use liquid compounds. When sprayed and con-
tacting with water/a wet surface, they polymerize
to form an elastic membrane. These materials can
be made from polyvinyl alcohol (PVOH) with plas-
ticizers; chitosan (obtained from crustacean shells);
or acrylic copolymers with a programmable life
cycle.

The placement technology for these compounds is
as follows:

e Powder or liquid concentrate is mixed with water
and applied with a spray diffuser;

e Upon drying, a durable, biodegradable, water- and
wind-impermeable film is formed.

e The film is decomposed by microorganisms and
moisture. The rate of decomposition (three to
four months) can be controlled by the degree of
polymerization, layer thickness, and additives.

It should be noted that a cost-effective material/
compound that will meet both its intended purpose
and the installation and operation conditions of the
protective coating is still to be developed on the basis
of the above-mentioned materials.

As for solar radiation, snow has a high (up to 0.9)
albedo, which means that it reflects almost all solar
radiation energy that falls on it. The snow surface within
the right-of-way of a railway line is certainly contami-
nated and its albedo is lower, but it can be increased
by reducing the amount of pollutants on the surface by
switching to gas turbine locomotives or electric traction.

The following design solutions reduce the influence
of radiation fluxes on snowmelt:

e Subgrade orientation to cardinal directions;

e Shading the embankment toe and the lower part of
its slopes with sun shields and sunshades.

e The feasibility of these solutions is limited, because
in many respects they depend on the line route
location and the height of the subgrade.

Albedo can be increased using temporary pro-
tective wind- and waterproof membranes to be formed
on the snow surface. These can be either transparent
orin a given colour. To extend the life of snow deposits,
the protective membrane on the surface must ensure
that it reflects the entire spectrum of solar radiation
wavelengths, from short-wave violet rays to long-wave
red rays, including the ultraviolet and infrared regions.

Accumulated snow can be preserved (in terms of
volume and quality) provided a wind- and waterproof
coating is installed on its surface in due time.

CONCLUSIONS

1. Specific climate and environmental conditions
in the Arctic Zone, including permafrost soils, require
unconventional solutions for reducing construction costs
and providing a reliable and durable railway subgrade.
The paper presents solutions designed to reduce the
amount of excavation work.

2. Based on the amount of observations of solifluction
and horizontal thawing, we find it possible to recommend
the practical application of artificial solifluction.

3. The hypothesis of thermal stabilization of soils in
the embankment base by snow deposits requires com-
prehensive testing. In the first instance, mathematical
modelling of the proposed processes and adaptation of
the materials to form a protective film to snow should
be completed. Positive findings of the priority studies
will be instrumental in launching experimental oper-
ation on existing transport facilities.
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