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The paper presents results of experimental studies of subgrade deformation in permafrost areas and measures 
for its stabilization. Deformation results from heat transfer changes caused by railway construction and opera-
tion. An embankment loads the cryotic soil like a hot press which lowers the permafrost table to 6–10 m below 
the superstructure and causes melting of ground ice. The subsequent extrusion of thawed yielding muddy soil 
from beneath the subgrade leads to decades-long soil subsidence. As a result, the subgrade experiences settlement 
and lateral spreads, especially in poorly drained soils with a moss-grass-peat cover. As shown by experiments, 
native soil under the subgrade is mechanically weak and prone to rheological changes (plastic fl ow) that induce 
uneven subgrade settlement. Moisture migration in thawing soil is driven by thermo-electrokinetic forces in 
thermally anisotropic capillary systems. Possible subgrade stabilization measures include ground freezing under 
slopes and creating mechanical barriers to soil extrusion. A number of respective engineering solutions have been 
suggested and experimentally tested.

Railway subgrade, permafrost, subgrade settlement and lateral spreads, soil freezing, retaining structures

INTRODUCTION
Totally more than 5000 km of railroads in Russia 

are located in permafrost areas and have been oper-
ated from 30 to 100 years. Construction of embank-
ment and track structures changes heat transfer con-
ditions in the ground underneath. The permafrost 
table becomes deeper, irrespective of the overburden 
thickness (Fig. 1), as a result of surface warming and 
thawing in the absence of shadow and evaporation by 
plants, as well as rapid thawing due to moisture con-
tents lower in the subgrade than in the natural soil. 
The loose draining subgrade fi ll and wet soil warm up 

times more strongly than the natural ground surface: 
from 4 to 16 °С and 0.4 to 6 °С, respectively, in the 
day cycle [Dydyshko, 1991a].

A subgrade loads cryotic soil like a hot press 
which lowers the permafrost table, to 6–10 m below 
the embankment surface in the case of the Baikal-
Amur railway (data by Dydyshko). Thawing leads to 
the formation of taliks in the subgrade and at its base 
between the active layer and the permafrost table. 
Frozen ground beneath the subgrade warms up to 
about –1 °C.

Copyright © 2017 P.I. Dydyshko, All rights reserved.

Fig. 1. Engineering-geological cross section of settling subgrade upon bog. 
1 – draining soil (subgrade); 2 – clayey natural soil; 3 – peat; 4 – permafrost table; 5 – conventional penetration resistance (Pd, 
MPa); 6 – current (I, mA), Far East railway; E35 to E44 are sounding points.
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Such a setting occurs in the southern part of the 
permafrost zone, in eastern and northern Russia. The 
depth to permafrost under railroads may reach 15 m 
(e.g., in the Noyabrsk–Korotchaevo district of the 
Sverdlovsk railway).

In the natural conditions of northeastern Russia, 
the ground temperature at the depth of zero annual 
amplitude is from –1 to –3 °C; the active layer thick-
ness is from 0.6 to 1.5 m, depending on soil type and 
vegetation-peat cover; the permafrost thickness 
reaches 50–100 m [Sergeev, 1976; Kozlovskiy, 1988].

As the depth to permafrost increases, ground ice 
melts out (Fig. 2) and the thawing soil subsides [Ro-
man, 2002]. The related initial settlement of the sub-
grade is followed by its decades-long deformation 
with further settlement and lateral spreads resulting 
from extrusion of yielding unfrozen clayey soils 
(Fig. 3).

Subgrade settlement occurs over 800 km of rail-
roads, mostly in the Far East railway (75 %) and less 
often along the East Siberian (13 %), Northern (6 %), 
Transbaikalian (4 %), and Sverdlovsk (1 %) railways. 
The average size of individual deformed sites reaches 
400 m.

DEFORMATION FORM AND CAUSES

Surveys by a method that combines dynamic 
probing and electrical logging (EDP) [Dydyshko, 
1991a] reveal 0.1–0.3 m thick yielding soil beneath 
loose draining fi ll. The mechanically weak soil, with a 
deformation modulus of <10 MPa [CPI-36, 2004], 
lies upon stronger ground. This setting is common to 
clayey soils of any kind, irrespective of initial natural 
collapsibility. Thawing soil gains excessive moisture 
due to migration of fi lm water in capillaries driven by 
thermoelectrokinesis, a phenomenon discovered by 
Dydyshko [1991b, 1992]. This phenomenon (detailed 
information is presented at the website Thermoelec-
trokinesis.ru) consists in migration of fi lm water to-
ward the colder side driven by the electric potential 
diff erence that arises in the presence of a temperature 
gradient (electric double layer); the temperature gra-
dient at the seasonal thaw boundary reaches 4 °C/m.

Fig. 2. Layers of segregation ice in clay silt (a) and 
clay silt with rubble (b); 3.2 m thick ice layer at the 
boundary with peaty clay silt (c).

Fig. 3. Settlement and lateral spread of subgrade upon thawing permafrost.
1 – initial position of subgrade and ballast section; 2 – same, after settlement; 3 – same, after remediation (track raising); 4 – initial 
subgrade base; 5 – same, after settlement; 6, 7 – direction of motion of the track center (6) and sides (7); 8 – benches; 9 – permafrost 
table; 10 – subgrade draining soil; 11 – unfrozen clayey soil; 12 – frozen clayey soil; 13 – lows fi lled with water.

Separate subgrade elements move down and la-
te rally off  the track centerline, i.e., experience, re-
spectively, settlement and lateral spreads (Fig. 4, a) 
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sometimes leading to rupture and formation of cracks, 
up to 30 cm wide or wider (Fig. 4, b). Uneven settle-
ment reaches 100 to 300 mm per year (about one 
third in November–December). The deformation is 
caused by changes in temperature gradient direction 
and in fl ows of migrating fi lm water from super-wet 
unfrozen soil toward the freezing front. In the winter 
season, such soil undergoes heaving to 30–50 mm.

The thermal effect of the subgrade extends to 
~2 m off  its edges if the natural soil surface remains 
undisturbed. The permafrost table subsides in places 
where this surface is covered with a mineral fill 
(Fig. 1, survey point E42). Similar permafrost degra-

dation occurs in the case of water-logged surface. In-
stallation of 3 m wide benches (which takes up to 
20 % of subgrade costs) and creation of new drain 
ditches pre-fi lled with draining soil expands the zone 
of thermal disturbance and water-logging, which in-
terferes with the natural river and groundwater fl ow 
patterns.

Thawing is additionally caused by the absence of 
water guides within natural surface lows (up to 1/3 of 
the total amount of culverts in the eastern segment of 
the northern W–E part of the Far East railway), 
which leads to stagnation of water and its percolation 
through the subgrade. 

Fig. 4. Vector of motion of embankment surface in its diff erent parts in seasonal (autumn–spring) cycles 
for three years (a) and cracks on the sides (b).
ΔS, Δh are lateral and vertical motions, respectively. 
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The regulations for design and construction in 
permafrost imply bridging and tubing outside natural 
water streams, with fi lling and channel changing in 
the latter.

Taking into account the negative experience, the 
construction norms for engineering structures [CES 
C-01-95, 1995] include design of culverts in all natu-
ral depressions (at every 500 m in poorly drained 
places), but neither fi lling natural streams nor chang-
ing their channels are allowed. The ground should be 
kept frozen in areas of complex permafrost conditions 
(>0.1 relative soil subsidence, thermokarst, and 
ground ice to 4 m below the surface).

The presence of experimentally detected weak 
soil beneath subgrade and benches is the main cause 
for rheological changes (plastic fl ow) of soil and un-
even subgrade settlement.

Settlement and lateral spreads occur most often 
on poorly drained soils with a moss and grass-peat 
cover. Deep uneven settlement aff ects primarily the 
subgrades that are located in 200–500 m medallion-
shaped depressions, with weak low trees (under 3 m), 
surrounded by large mixed forests, which are wide-
spread in all studied permafrost areas.

SUBGRADE STABILIZATION 

In accordance with its causes, the subgrade de-
formation can be mitigated by thermal and mechanic 
stabilization: keeping the ground frozen at the slope 
toes and creating mechanic barriers to extrusion of 
yielding soil. The required thermal regime can be 
maintained with long thermosyphons (used at the 
267, 489, 366, and 330th km of the Noyabrsk–Ko-
rotchaevo district, etc.) and heat insulation by plastic 
foam (211 and 212th km of the Tynda–Berkakit dis-
trict), peat, and other materials. Mathematical and 
physical modeling of heat transfer makes basis for 
various engineering solutions in this respect. 

Mechanic stabilization of settlement-prone sub-
grade upon degrading permafrost implies remediation 
of adjacent areas, draining, and installation of retain-
ing structures. The remediation measures include fi ll-
ing stagnant-water thermokarst depressions, thaw 
lakes, abandoned river channels, bridge clearance, 
and approaches to malfunctioning culverts; the fi ll 
may consist of peat, peaty clay silt or wood wastes 
(wood dust, chips, bark residue, or branches). Other 
measures are draining (channeling water away from 
depressions along or across the trackline) and rein-
forcement of the existing drain ditches by laying and 
fi xing geotextile on their bottom and sides and pour-
ing over suspension of local native soil. 

It is also reasonable to create a separate system 
of special drains, besides the existing culverts. One 
drain in such a system, made of a rolled 1–1.5 m wide 
strip of needle-punched geotextile, without thermal 

treatment (1 m2 of such geotextile weighs 500 g), is 
embedded to 0.2 m at the slope toe. Another drain, 
made of perforated polymer tubes, is set to a depth of 
1 to 3 m into a mechanically cut slit trench, together 
with a strip of geotextile. Then longitudinal drains 
are installed between culverts, and transversal drains 
are laid in bridge clearance extending them to a dis-
tance of 100–200 m toward the low side.

Filtering slits made of selected mechanically 
strong stone are set up in places where longitudinal 
drainage from lows in the high sides is diffi  cult. Trees 
and shrubs are preserved within the drainage area 
while making vegetation-free fi re breaks is not recom-
mended. 

In addition to the above stabilization measures 
(keeping soil frozen by heat insulation and thermosy-
phons, or crushed-stone fi lling on slopes), rapid un-
even settlement and lateral spreads of subgrades can 
be mitigated with the use of goff er retaining struc-
tures [Dydyshko and Mariomaa, 2008], hollow-core 
constructions [Tsukanov et al., 1983], and draining fi ll 
instead of native soil at the toe of slopes (benches) 
[En gineering Guidelines, 1993].

EXPERIMENTAL TESTING
OF ANTIDEFORMATION STRUCTURES*

Plastic foam heat insulation. Heat insulation of 
subgrades in the southern permafrost zone, made 
with reference to 2D thermal-engineering calcula-
tions, consisted of plastic foam plates (≥20 cm thick) 
laid in several layers next to one another, with at least 
30 cm overlap, over 6 m on each subgrade side. Ac-
cording to theoretical calculations and fi eld measure-
ments of fi ll and ground temperatures, frozen ground 
forms beneath the middle parts of the insulation 
plates (Figs. 5, 6). For instance, the thaw depth in 
thus insulated railroad segments at 211–212 km of 
the Tynda–Berkakit district were 2.7 m in four years 
and 2.8 m in 18 years, while the ground temperatures 
at a depth of 6 m (thaw depth in the absence of insu-
lation) was, respectively, –1.0 and –0.6 °С (measured 
together with people from the Permafrost Station, 
Center for Monitoring of Railroads).

Fig.  5.  Calculated quasi-stationary temperature 
fi elds (°C) in subgrade and natural soil on 1 October 
(19.5 yrs).
a: natural state; b: insulated by plastic foam; 1 – heat insulation; 
2 – subgrade-natural soil interface.

* The experimental results for all engineering solutions mentioned hereafter have been obtained by the author.
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Plastic foam insulation plus long thermosyph-
ons. The effi  ciency of heat insulation can be further 
improved by placing long thermosyphons in addition 
to plastic foam plates. The evaporators (inclined com-
ponents) are laid either track-parallel (case 1) or 
track-orthogonal, in transversal trenches (case 2) be-
neath the plastic foam layer, while the condensers are 
set vertically. 

The temperature regime of deforming slopes af-
ter installation of thermosyphons (case 2) was esti-
mated (by Dydyshko) for 1374th km of the road, Ka-
zankan switch, near the Severomuisk station of the 
Baikal-Amur Railway (Fig. 7).

Evaporator tubes are laid at a depth of 0.6 m in 
transverse trenches fi lled with soil; 0.15 m thick plas-

Fig. 6. Temperature fi elds and curves (2, 3) in the section across subgrade and natural soil, with plastic 
foam insulation (1).
4, 5 – periods of maximum freezing and thawing in the last year of observations.

Fig. 7. Cross section of subgrade on a hillside slope at the 1374th km of the Baikal-Amur Railway stabilized 
with long thermosyphons and plastic foam insulation.
1 – evaporators; 2 – plastic foam; 3 – draining soil; 4 – condensers; 5 – debris; 6 – sand; 7 – blocky soil; 8 – rubbly soil; 9 – gra velly 
silt; 10 – silt-cemented rubbly soil; 11 – yielding silty soil upon thawing; 12 – plastic silty soil upon thawing; 13 – silt with pebble; 
14 – pebbly soil; 15 – weak weathered granite; 16 – strong granite; 17 – vertical thermosyphons. Numerals in the fi gure bottom 
refer to elevations (numbers above) and distances (numbers below), in m. 
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tic foam is laid on the top and is buried under 0.2–
0.3 m of draining material.

The calculations were made starting on Octo-
ber 1, at the end of the warm season. Ground tem-
peratures in the subgrade and at its base were as-
sumed to be 0.5 and –0.5 °С, respectively. The tem-
perature patterns over the section A (Fig. 7), in 5 year 
intervals on October 1 are shown in Fig. 8, a, b.

At the subgrade temperature 0.5 °C (unfrozen 
soil), a frozen zone, at least 1 m thick, forms in a year 
and thickens up progressively to more than 2 m in 
2  years and 6  m in 5  years. A colder subgrade 
(–0.5  °C) cools down faster, and the plastic foam 
thickness may be reduced to 0.1 m. Vertical thermo-
syphons (17 in Fig. 7) have failed to provide stabiliza-
tion at this site.

Heat insulation by peat and wood wastes. This 
kind of insulation is made as fi ll on slopes, with a tri-
angular transversal profi le having its top at the em-

Fig. 8. Temperature fi eld in subgrade in 5 years, at 
the end of the warm season, for initial temperatures 
0.5 °С (a) and –0.5 °С (b).
1 – long thermosyphon; 2 – plastic foam; numerals on curves 
are temperatures in °C.

Fig. 9. Placement of thermosyphons and a longitudinal track profi le, 267th km.
1 – September 2005; 2 – April 2006; 3 – September 2006; 1t–6t are logged boreholes. TOR = top of rail.
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bankment edge and the base at least 3 m below the 
slope base. The fi ll is covered with a 0.2 m thick layer 
of local soil or with geotextile impregnated with a na-
tive soil suspension.

Fill on slopes. The slopes are covered with 0.8 to 
1.2 m thick selected crushed stone with high erosion 
strength, in the absence of snow drift and snow depth 
on the slope within 0.4 m.

Design of long thermosyphons. Thermal stabi-
lization follows the norms of CPI-40 [2009], with 
long thermosyphons installed at sites of subgrade 
settlement, in the conditions of 

− paludal areas (various terrain elements) where 
subgrade upon thawing permafrost is subject to un-
even (more than 20 mm/yr) settlement;

− thaw lakes and water streams crossed by sub-
grades; 

− bridge pier vicinity.

Fig. 10. Placement of long thermosyphons at 489th 
(a) and 366th km (b).
TOR = top of rail. 

Fig. 11. Temperature patterns along thermosyphons 
in logged boreholes 3t and 6t (Fig. 9).
1 – September 2005; 2 – April 2006; 3 – September 2006; 4 – 
October 2006.

Fig. 12. Temperature patterns along thermosyphons 
in logged borehole 1t.
a: cross section (t(Lx)); b: plan view (t(Ly)); 1 – September 2005; 
2 – September 2006; 3 – October 2006.

Long thermosyphons are made of steel pipes, 
60 mm in diameter, or aluminum alloy pipes, 32 mm, 
with Freon-22 used as the coolant. They consist of 
inclined evaporators laid in the ground and vertical 
fi nned condensers above the ground surface.

Retaining structures are made of steel pipes, 
110 mm in diameter, installed track-parallel in accor-
dance with the location of condensers. The pipes, 
spaced at 1.25 m, are embedded vertically into the 
soil to a depth at least 5 m and are connected on the 
top by pipes of the same kind laid horizontally.

Subgrade stabilization can be provided by long 
thermosyphons with or without retaining structures. 

The vertical condensers are 2.3 m long, placed 
>7 m far from the tracks; the evaporators are 9 m long 
placed at 11° to the track, at >2.5 m between the 
track centerline and the end of the evaporator (sur-
face projection). The installation of evaporators be-
neath the subgrade ensures additional thermal resis-
tance of soil necessary for preventing summer thaw-
ing of the stabilized frozen part.
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In the case when long thermosyphons are used 
without retaining structures (case 2), the evaporators 
are placed either at an angle to the track (in forward 
or backward directions), or orthogonally to the track, 
beneath the track structure and on sideways.

The VNIIZHT and Fundamentproekt teams in-
stalled long thermosyohons in 2005, in all possible 
ways according to the design by the author (Fig. 9), 
at the 267th km of the Noyabrsk–Korotchaevo dis-
trict of the Sverdlovsk railway where the subgrade 
was deforming at 300 mm/yr. Figure 9 shows thermo-
syphons 1–46 and temperature logging boreholes 

1t–6t; Figure 10 shows such structures installed in 
other districts of the Sverdlovsk railway. The defor-
mation stopped after the installation of the thermosy-
phons.

The length and dip of the evaporator tubes de-
pend on local conditions in the places of fi lled streams, 
thaw lakes, and in places where the subgrade ap-
proaches bridge piers. 

The temperature of subgrade measured in the 
time of maximum freezing at the 267th km of the rail-
way varies from –4 to –1.5 °C and is below 0 °C in 
autumn (Figs. 11, 12). Independent measurements by 

Fig. 13. Depth-dependent pen-
etration resistance Pd and cur-
rent I (Sverdlovsk railway).
Left and right of track centerline.
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Fig. 14. Depth-dependent penetration resistance Pd and current I (Far East railway). 

EDP and ground temperature logging in the time of 
maximum thawing in 2007 showed a 3 m depth to 
permafrost on the track sides above the thermosyph-
ons. According to 3D calculations, the 0 °C isotherm 
is located at the depth 2.7 m.

Subgrade settlement occurred at the 489th km in 
the place of the fi lled channel of the Tydeyotta River. 
The new channel was displaced to reach the bridge 
built off the river. In 2003 and 2007, thermokarst 
cave-in of the subgrade occurred 1 m far from the rail-
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Fig. 15. GPR section along the track centerline (267th km, PT3+55–PT7+00, Sverdlovsk railway).
1 – subgrade base; 2 – ballast base; 3 – soil type interface.

Fig. 16. GPR section along the track centerline (489th km, PT1–PT3, Sverdlovsk railway).
1 – subgarde base; 2 – ballast base.

Fig. 17. Drilling of an inclined borehole (by a UKB-
12.5/25 drill).

track structure (left of the line) and inside it, respec-
tively.

In order to mitigate settlement and prevent 
cave-in, thermosyphons were installed at every 
2.25 m on both sides of the embankment, in two rows 
in height, with 12 m long evaporators (Fig. 10, a). 
The settlement at the 489th km stopped after stabili-
zation, and no cave-in repeated. The amount of sur-
facing did not exceed 10 mm. The ground tempera-
ture in logged boreholes was below 0 °C during the 
thawing season.

The parameters of stabilization structures 
(length, depth, etc.) are specifi ed according to results 
of GPR and EDP engineering-geological surveys 
[CPI-36, 2004].

The penetration resistance (Pd) and types of soil 
were inferred from electrical current (I) EDP mea-
surements in places of settlement, including the 
caved-in sites and areas outside them (Figs. 13, 14). 
The sounding points E are shown in the fi gures sepa-

rately for each site, with indication of their numbers, 
locations along the line (point + m), direction and 
distance (m) orthogonally off  the track centerline. 
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Soils are considered to be weak at Pd ≤ 3 MPa. For 
instance, weak soils were revealed to a depth of 7 m at 
the 267th km of the Sverdlovsk railway, within the 
main site (2.9 m on the left and on the right). This 
result is consistent with GPR data (Fig. 15) which 
revealed weak soil between points PT5+20 and 
PT6+40. The surveys were performed using the 
LOZA georadar [LOSA…, 2012] with its electromag-
netic signals not attenuating in clayey soil. 

GPR data are used to contour sites subject to de-
formation marked by changes of EM wave propaga-
tion patterns (Figs. 15, 16).

In the case of cave-in, hazard is mitigated by 
grouting at every 0.4–0.7 m over the caved-in area, 
through pipes, 75 mm in diameter, rammed with a 
conical tip which is left in the ground afterwards; 
during the grouting procedure, the pipes are lifted 
and then re-installed. 

The photographs of Figs. 17–19 show, respec-
tively, drilling for the installation of long thermosy-
phons (Fig. 17) and structures installed at the 267th 
(Fig. 18) and 366th km (Fig. 19) along the Sverdlovsk 
railway.

Fig. 20. EDP inspection of deforming subgrade slopes (a) and goff er retaining structures (1) installed for 
subgrade stabilization (point PT 3358+56, Sverdlovsk railway) (b).

Fig. 18. System of long thermosyphons after installation (a) and in winter season (b).

Fig. 19. System of aluminum thermosyphons after 
installation (366th  km, Noyabrsk–Korotchaevo 
district).
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Goff er retaining structures used for stabilization 
of subgrade upon thawing permafrost are fabricated 
following the regulations of CPI-38 [2006]. Figure 20 
shows EDP inspection of deforming subgrade and 
goff ers placed at every 3 m, at 20° (in plan view) to 
the track line, for its stabilization. 

Main issues concerning the design of subgrade 
stabilization structures in permafrost areas were dis-
cussed in previous publications [Dydyshko, 2011, 
2014].

CONCLUSIONS 

Experimental studies including geophysical sur-
veys by the methods of dynamic probing combined 
with electrical logging (EDP) and ground penetrat-
ing radar (GPR), as well as thermal-engineering 
modeling have revealed the causes of deformation in 
subgrade upon thawing permafrost. The permafrost 
table subsides to a depth of 6–10 m below the super-
structure after railway construction as a consequence 
of heat transfer changes. Deformation results from 
melting of ice layers and lenses in the underlying 
ground (initial settlement) and rheological changes 
leading to extrusion of weak yielding soils from be-
neath the subgrade (long-term settlement). The sta-
bilization methods include freezing the soil at the 
base of slopes or creating a mechanic barrier to extru-
sion of yielding soil. 

A system of logistic and engineering measures 
was suggested for remediation of areas along rail-
roads, drainage, and installation of retaining struc-
tures. 

Field surveys and theoretical calculations made 
basis for design norms and regulations for stabiliza-
tion engineering solutions (long thermosyphons, 
plastic foam heat insulation, goff er retaining struc-
tures, etc.). The normative documents for subgrade 
stabilization have been approved for use, and the so-
lutions have been patented. 

It will be reasonable to set up a long-term pro-
gram for stabilization of railway subgrade upon per-
mafrost to improve the transportation safety and re-
duce the operation and maintenance costs incurred 
by OAO RZD. No less than 25 km of stabilization 
structures have to be installed yearly, with the costs 
200–300 million rubles per year. The predicted cost 
ef f iciency due to stabil ization may reach 
~2500,000 rub/km.
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