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ABSTRACT

The location of the railway infrastructure on permafrost
increases risks of emergence of defects and deformation of the
subgrade. In Russia permafrost occupies approximately 65 % of
the country’s area. Consequently, defectiveness of subgrade in the
Eastern part of railway network of Russia exceeds the network’s
average.

The objective of the study was the increase in the efficiency
of stabilisation of track subgrade’s foundation with injection method
under the conditions of degradation of permafrost soils.

An improved algorithm for designing pressure injection of
cement-soil grout, implementing an integrated approach, is
proposed for railway subgrade operated under conditions of

injection into soil, cement-soil grout, heat release of grout.
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degradation of permafrost soils and formation of soft soils in
foundations.

A laboratory experiment was set up and carried out to
determine the amount of heat released by injected grout of various
composition due to the exothermic reaction of hardening of cement,
that allowed determining a linear dependence of the specific heat
release of injection grout on the cement content.

A new calculation scheme with an equivalent layer of grout in
the stabilisation area has been proposed to predict the amount of
thawing of permafrost foundation soils when injecting materials with
a cement binder, and an analytical solution to the problem under
consideration has been proposed for preliminary calculations.
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INTRODUCTION

The Transport Strategy of the Russian
Federation until 2030 with a forecast up to 2035’
provides for retrofitting of the infrastructure of
Baikal-Amur and Trans-Siberian mainlines
followed by increase in their transit and carrying
capacity. In this regard, dependability and safety
of the railway track, including the subgrade, are
the main indicators that require special attention.

However, today the greatest risks that the
Eastern segment of the Russian railway network
is exposed to refer to the length of defective
subgrade or subgrade being deformed. This is
due to the location of a significant part of the
railway infrastructure Eastern segment of the
Russian railway network on foundations
consisting of permafrost soils [ 1-3]. A change in
the water-thermal regime of the subgrade—
subgrade’s foundation? system being operated
under such complex natural, climatic, engineering
and geological conditions causes degradation of
permafrost soils (permafrost) with formation of
talik zones with low bearing capacity in the
subgrade’s foundations [3-5].

Similar problems are observed in several
other countries, such as China [6; 7] and Canada?,
with similar natural and climatic conditions and
presence of permafrost in the natural foundation
bed of engineering structures.

This requires development and implementation
of new effective solutions for stabilisation of track
subgrade’s foundations. One of the possible
effective ways to increase the physical and
mechanical characteristics of soft soils in talik
zones is the method of pressure injection of soil-
cement grout, which has proven itself in stabilising
weak foundations [8; 10; 11].

At the same time, it is worth noting the
disadvantages of the pressure injection method,
if it is used to stabilise thawed soils in subgrade’s
foundation. First, it refers to disruption of heat
exchange [10; 11] in the subgrade’s foundation

! The Transport Strategy of the Russian Federation until 2030
with a forecast up to 2035 as approved by the Order of the
Government of the Russian Federation dated 27.11.2021
Ne 3363-r [Electronic resource]: http://static.government.ru/
media/files/7enYF2uLSkFZIOOpQhLI0nUT91RjCbeR.pdf.

2 Subgrade’s foundation in the context of the paper and
considering differences in terminology used in research
works means natural ground or subsoil underlaying track
foundation, embankment, formation, including subgrade. —
Ed. note for English translation.

3 UCalgary researcher heads up major federal permafrost
study in Manitoba [Electronic resource]: https://schulich.
ucalgary.ca/news/ucalgary-researcher-heads-major-federal-
permafrost-study-manitoba. Last accessed 08.02.2024.

during the period of injection and hardening of
the cement-soil grout due to its own heat and to
exothermic processes within the cement binder*.
These processes lead to further thawing of
permafrost soils, and formation of a layer of soft
tabetisol directly under the consolidated massif.
Second, consolidation of the subgrade’s
foundation using the pressure injection method
has virtually no effect on the water-thermal
regime of the subgrade — subgrade’s foundation
system and the conditions for heat exchange
between the structure and the atmosphere during
the period of further operation. Under the
conditions in which the position of the permafrost
boundary has not stabilised, further degradation
of permafrost soils is possible, also leading to
formation of soft soils under the stabilised massif
and to ground subsidence.

To eliminate the negative consequences of
thawing of permafrost soils during the injection
process, an algorithm for designing iterative
injection was proposed in [10]. According to the
proposed algorithm, injection is designed using
standard technology, but in several steps
(iterations). With each subsequent iteration,
a significantly smaller amount of grout is used,
and the thawing effect is significantly reduced.
The design of stabilisation is completed at the
injection iteration with which the thawing effect
does not cause ground subsidence at the subgrade’s
foundation in excess of permissible values.
However, the design algorithm proposed by the
authors in [10] is applicable only under conditions
of stabilisation of the position of the permafrost
soil boundary within the subgrade’s foundation,
which sharply limits the scope of its application.

Therefore, the objective of the study is to
increase the efficiency of stabilisation of the
railway track’s subgrade’s foundation with the
injection method during degradation of
permafrost soils. The paper offers proposals for
improving the method of designing pressure
injection of cement-soil grout for subgrade’s
foundations with permafrost soil, exposes the
results of a laboratory experiment to determine
the amount of heat released by injection grout,
and also proposes to discuss the calculation
scheme and method for predicting the rate of
thawing of permafrost subgrade’s foundation
when using injection.

4 Guidelines for concreting foundations and lines of
communication in permafrost soils, taking into account
concrete hardening at low temperature. Stroyizdat publ.,
NIIZhB of Gosstroy of the USSR, 1982., 160 p.
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Pic. 1. Improved algorithm for designing pressure injection of cement-soil grout for foundations with permafrost soil [developed by the
authors]: ES - engineering surveys; SSS - stress-strain state; WTR — water-thermal regime; S, - permissible subsidence of the subgrade’s
foundation; S, - foundation subsidence due to changes in the total WTR at the construction site.

RESULTS
Improving the Method of Designing
Pressure Injection

To adapt the method to real, widespread
operating conditions of the railway track (the
position of the permafrost soil boundary has not
been stabilised), it is proposed to approach the
design of pressure injection of cement-soil grout
into permafrost subgrade’s foundations in
a comprehensive manner. That is, to provide and
carry out calculation rationale for a set of
measures aimed at increasing the bearing
capacity of soils in talik zones, as well as at
stabilising the position of the boundary of
permafrost within subgrade’s foundation.

An improved algorithm for designing
pressure injection of cement-soil grout for
subgrade’s foundations with permafrost soil,
implementing an integrated approach, is shown
in Pic. 1.

According to the proposed algorithm, the
decision to increase the physical and mechanical
characteristics (stabilisation) of soils in talik
zones is made based on the condition of
completing the filtration consolidation of the
foundation, and the decision to stabilise the
position of the permafrost soil boundary in the
foundation is made based on the condition of not
exceeding the limit values of track subsidence
arising from degradation.
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Based on these conditions, the calculation
can result in obtaining one of the following four
solutions:

— Stabilisation on the site is not required.

— Stabilisation of soft soils in talik zones is
required without stabilising the position of the
permafrost soil.

— Stabilisation of the position of the
permafrost soil boundary is required without
improving the characteristics of soils in talik
zones.

— A comprehensive solution is required to
stabilise soils in talik zones and the position of
the permafrost soil boundary.

To stabilise soft soils, it is recommended to
proceed with several steps of pressure injection
of cement-soil grout [10], whilst to stabilise the
position of the permafrost soil boundary, it is
recommended to select one of the effective
measures for thermal stabilisation [6; 12—16].
After all the assigned measures have been
implemented, mechanised track straightening is
envisaged.

The pressure injection provided by the
algorithm is carried out through vertical and
inclined injectors from the subgrade’s slopes, and
in the case of two or more tracks, additionally
from the inter-track space beyond track clearance
[8; 9; 17]. This arrangement of injectors allows
work to be performed with imposing minimal
restraints on train movement, and in some cases,
without constraints [ 17]. All work must be carried
out between passage of trains in accordance with
the current rules for technical operation of the
track.

During the process of injection and further
operation of the subgrade with some thermal
stabilisation, the temperature field of the
subgrade — subgrade’s foundation system is
monitored. Monitoring is carried out using
thermometric wells made before the work is
carried out. Wells are installed in accordance with
current regulatory requirements for measuring
transverse profiles from the roadsides, at the
bottom of the subgrade, between tracks
(if necessary), and in the right-of-way (control
wells). The distance between the measuring
transverse profiles is assigned during design and
depends on the length of the injected section of
the subgrade’s foundation and its engineering
and geological features. Control of the bearing
capacity of the subgrade’s foundation is carried
out using static or dynamic probing methods
using mobile installations [9; 17].

The comprehensive solution proposed in the
design algorithm (Pic. 1) allows not only to solve
the problem of soft soils in talik zones, but also
to stabilise the position of the permafrost soil
boundary. The positive technical effect of using
this solution, in contrast to classical methods of
thermal stabilisation, is a significant acceleration
of'the stabilisation process with obtaining results
in a fairly short time; the economic effect is
a significant reduction in the number and/or
power, and, accordingly, in the cost of thermal
stabilisation devices.

Setting Up, Conducting of a Laboratory
Experiment and its Results

To further develop the computational and
theoretical apparatus of the above-mentioned
improved method for designing the stabilisation
of subgrade’s foundations with permafrost soils,
a laboratory experiment was set up and carried
out to determine the volume of heat released by
injected grout of various composition due to the
heat of hardening of cement.

The use of the known dependences* of the
heat release of Portland cement or grouts or
mortars (concrete) based on it [18] for the
problem being solved is not possible for
anumber of reasons. First, injection cement-soil
grouts have a significant difference [17] from
general construction mortars and concrete, both
in terms of the water-cement ratio and in terms
of composition, since varying ratios of clay and
sandy soils are usually used as the main structural
filler. Second, the existing dependencies, as
arule, were obtained for normal temperature and
humidity conditions corresponding to the
conditions of hardening of concrete and mortars
in building structures. The hardening conditions
of injection grout, especially when used in
subgrade’s foundation thawed soils with close
occurrence of permafrost soil, differ significantly
from normal ones, and obviously affect heat
generation due to the exothermic reaction of
hardening of cement.

The analysis of existing methods and
approaches to determining the heat release of
cement during hardening showed that such
studies mainly use calorimeters with adiabatic
or isothermal hardening modes. The adiabatic
mode when determining the heat release of |
concrete during hardening is provided for by both §
domestic (GOST [State Standard] 24316) and
international (EN 12390-15:2019, NEQ)
regulatory documents. Isothermal calorimeters
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Pic. 2. Calorimeter for determining the amount of heat release of injection grouts using «soil - grout - soil» models [developed by the authors]:
1- body of the thermostatic chamber; 2 - mold for the tested model sample; 3 — mold for the alternative model sample; 4 - cooling plates with
thermoelectric modules and temperature sensors; 5 - temperature sensors; 6 — soil part of the model sample; 7 - soil grout in the alternative
model sample; 8 - cement-soil grout in the tested model sample; 9 - external thermal insulation of molds with model samples.

are usually used to determine heat release during
hardening of cements® (GOST 310.5; BS EN
196-11:2018), or to study model concrete
mortars [18].

The adiabatic mode implies the absence of
heat exchange between the system under the
study and the surrounding environment with
anatural increase in the temperature of the tested
sample. Isothermal mode involves testing in
a thermostated chamber, in which the heat
generated by the sample dissipates quickly
enough and its temperature remains constant. In
this case, the heat release is determined by the
difference between the heat release of the samples
under the study and the samples selected for
comparison [hereinafter called alternative
models]. The main disadvantage of the adiabatic
mode is considered to be a continuous and
significant increase in the temperature of the
samples (higher than under real conditions of
construction sites), which leads to self-
acceleration of the heat release process [18].
Isothermal calorimeters maintain a given
hardening temperature that corresponds to real
conditions, however, there are restraints on the
size of the tested samples, so studies are carried

> E.g.: An experimental comparison between isothermal
calorimetry, semi-adiabatic calorimetry and solution
calorimetry for the study of cement hydration (NT TR
522) [Electronic resource]: https://www.nordtest.info/
wp/2003/03/28/an-experimental-comparison-between-
isothermal-calorimetry-semi-adiabatic-calorimetry-and-
solution-calorimetry-for-the-study-of-cement-hydration-
nt-tr-522. Last accessed 08.02.2024.
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out on finely dispersed solutions or models of
concrete mix ratios [18; 19].

As noted earlier, the hardening conditions of
injection grout when used in subgrade’s
foundation thawed soils with close occurrence
of permafrost soil differ significantly from the
conditions in building structures, therefore the
use of the above-described modes for studying
heat release processes is not possible. Under the
conditions under consideration, cement-soil
injection grout will harden in the soil mass at
fairly low temperatures. Besides, the temperature
of the injection grout during hardening under
such conditions will decrease. This is due to its
heat exchange within the subgrade’s foundation
with a large volume of cooled (0...+4 °C), water-
saturated clay soils with a fairly high heat
capacity. Such conditions are not simulated in
either an adiabatic or an isothermal calorimeter.

Therefore, a calorimeter was designed based
on the hardware and software of the GT 1.1.12
NPP Geotek device to perform the experiment
on «soil — grout — soil» models under conditions
close to those described above.

The experiment (Pic. 2) consisted of
cooling with a fixed heat flow of constant
power of thermostated «soil — grout — soil»
models (samples) and an alternative model.
The alternative model used grout (7, Pic.
2) without adding cement. The calorimeter
elements and the soil part (6) in the models
were thermostatically brought to a setpoint
temperature of +2 °C (indicative temperature
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Table 1

Compositions of the tested injection grouts

Ne of the composition sample | Material consumption for preparing 1 litre of grout, g
Cement (CEM 1 42,5N) Soil*: Sandy loam with L=5 Water
1 300 1650 180
2 350 1600 220
3 400 1550 260
4 450 1500 270
5 500 1450 360

* soil used in injection practices, providing a ratio of clay and sand particles close to optimal [17].

of thawed soils of subgrade’s foundation);
while grouts (7, 8, Pic. 2) were thermostatically
brought to a setpoint temperature of +24 °C
(temperature for preparing injection grouts at
the site during the warm season). Based on the
ratio of the cooling time of the tested models
and the alternative model to the setpoint
temperature of +2 °C, the specific heat release
of injection grouts of various composition was
subsequently calculated due to the exothermic
reaction during cement hydration process. To
cool the models, thermostated cooling (+2 °C)
plates (4, Pic. 2) with thermoelectric modules
and temperature sensors were installed at their
ends.

The time of the experiment was limited by
the time of cooling of the model samples to +2 °C
according to data from temperature sensors (5,
Pic. 2), but not less than 3 days. Temperature
from sensors was recorded at intervals of no more
than 5 minutes. With further hardening of the
grout under real conditions (more than 3—7 days),
heat generation continues, but in a much smaller
amount, which can be neglected in engineering
calculations.

The tested and alternative models were
reduced to an equal model heat capacity C, ..
This was achieved by changing the mass of the
soil grout (m +m ) in the alternative model
samples until the following condition was met:
cm tem t+cm=cmtcm 1)
where ¢ — specific heat capacity of dry soil in
grout, J/(kg-K);

¢, — specific heat capacity of water in grout,
assumed to be 4190 J/(kg'K);

¢, — specific heat capacity of cement in
cement-soil grout, assumed to be 800 J/(kg-K);

m_—mass of soil in the cement-soil grout of
the tested model, kg;

m,—mass of water in the cement-soil grout
of the tested model, kg;

m_—mass of cement in the cement-soil grout
of the tested model, kg;

m_— mass of soil in the soil grout of the
alternative model, kg;

m  — mass of water in the soil grout of the
alternative model, kg.

When changing the mass of the soil grout in
the alternative model according to (1), the

msc

mS

proportion was obligatorily maintained.

ws we

The experiment’s initial stage involved
preparation of a cement-soil grout (8, Pic. 2) for
the tested model samples and a soil grout (7,
Pic. 2) for the alternative model samples. All
materials for the grouts had been preliminarily
thermostated to setpoint temperature of +24 °C,
and the soil had been dried. The compositions of
the tested cement-soil grouts are given in Table
1; the compositions of soil grouts for alternative
models were selected according to the method
described above.

Immediately after preparing the grout, the
tested and alternative model samples were
prepared in molds (2, Pic. 2) and (3, Pic.
2) preliminarily thermostated to setpoint
temperature of +2 °C (Pic. 3). Sandy loam of
plastic consistency, water-saturated and
thermostated to setpoint temperature of +2 °C,
was used as the soil component of the model
sample (6, Pic. 2).

In the process of conducting (Pic. 4) a
laboratory experiment (cooling of thermostated
«soil — grout — soil» model samples), graphs of
temperature changes were plotted in the middle
of the experimental models. The experiment was
completed with stable thermostatic control of the
system and model samples at +2 °C, maintaining
this state for at least a day (the total time of the
experiment was at least 3 days). The cooling
times of the tested model samples ¢, and
alternative models ,, respectively, were recorded
based on the resulting graphs.

It is known that the heat flow power is
determined by the formula

N =0/, (2)
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a) b) c)

Pic. 3. Experimental model samples making [developed by the authors]:
a) the molds to be used in the calorimeter; b) alternative model sample with soil grout;
c) tested model sample with cement-soil grout.

where Q is the.amount of heat transferred to the Then, 0,0,., ( 4 1] . @
system, J; ¢ — time, sec. t
Considering that the plates with thermoelectric Considering that the final temperature value

modules (4, Pic. 2) cooled the tested model of the previously thermostated soil component
samples (with cement) and the alternative model ~ of the model sample did not change, and the
sample (without cement) with the same power, ~entire amount of heat Q= compensated for
but for different times, ¢, and ¢,, respectively,and ~ cooling of the soil grout in the model samples,
assuming that due to the presence thermal then, taking into account equation (1):

insulation, the plates cooled only the model ‘
samples without consuming power for remaining & = (¢, om +c,+m,) AT - [i - l] , ®)
elements of the system, the expression can be  where AT is the change in the temperature of the
deemed correct: soil grout in the model, K.
The specific heat release of injection grouts
oot _ Qs + Qe , 3) due to the hydration of cement during hardening,
’2 no in kJ per litre of material, is calculated as:

where O . is the amount of heat transferred 0
from the plates (4, Pic. 2), for cooling qe=0,001'7;, (6)
(thermostating to +2°C) model samples of equal  where V. is the volume of the grout in the model
heat capacity, J; samples, assumed to be 0,5495 1.

Q. is the amount of heat transferred from the For each of the studied compositions

plates (4, Pic. 2), to compensate for the heat release  (Table 1), a series of three laboratory experiments
of cement during hardening in the tested model, J.  was performed, the results of which revealed the

Q
k=i
£ 0
) o
E)
< &
5 g
=
Ew
=%
2§
—
6}
Time. h
_____ Tested model sample
Alternative model sample
a) b)

Pic. 4. Conducting a laboratory experiment [developed by the authors]:
a) general view of the installation; b) an example of a temperature graph in the middle of the tested model sample for composition No. 3 and for
alternative model sample, respectively, over time.
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Pic. 5. Dependence of the specific heat release of injection grouts on the cement content when injecting soft soils in talik zones
[developed by the authors].

dependence of the specific heat release of
injection grouts g, on the cement content m,
(in the interval from 300 to 500 g/1), shown in
Pic. 5.

RESULTS AND DISCUSSION

The identified dependence (Pic. 5) can be
approximated by a linear function:
q,=0,16m +0,5333, @)
which is further proposed to be used to predict the
rates of heat released by injection grouts of various
composition due to the exothermic reaction of
hardening of cement when designing pressure
injection of cement-soil grouts into the talik zones
of subgrade’s foundations containing permafrost
soils. This dependence considers both the
hardening conditions of injection grouts under the
conditions under consideration and the features of
their composition. For other injection conditions
that differ significantly from those considered in
the work, it is recommended to directly determine
the specific heat release of the injection grout using
the method described above.

Also, a calculation scheme with an equivalent
layer is proposed for discussion (Pic. 6) to predict
the permafrost soils thawing rate value 4, in
subgrade’s foundations when injecting cement
grouts. The outline of the railway embankment
(1, Pic. 6) on the design diagram, as well as the

boundaries between consolidated (2, Pic. 6),
unconsolidated (3, Pic. 6), and permafrost (4,
Pic. 6) soils of subgrade’s foundation, and as
aresult, the shape of the talik zone is taken based
on the results of engineering surveys at a specific
site.

The zone of injection stabilisation of
subgrade’s foundations (5, Pic. 6) is assigned
based on the results of the stress-stain state
assessment, considering the actual structure and
composition of the soils composing it. Based on
the results of calculations of the bearing capacity
and subsidence of the subgrade’s foundation, the
width and thickness /4, of the zone to be stabilised
are assigned. To ensure the required physical and
mechanical characteristics of the stabilised
subgrade’s foundation, the weighted average
coefficient of reinforcement of the zone of
stabilisation with grout k_is selected, considering
the number of engineering geological elements
in this zone and their relative volume. In practices
[17], the grout in the zone of stabilisation spreads
chaotically, in the form of arrays, pillars and
interlayers, bands, which complicates thermal
engineering calculations. Therefore, to determine
the rate of permafrost soil thawing within
subgrade’s foundation %, during injection, it is
proposed to use a calculation scheme (Pic. 6)
with an equivalent layer of solution 5 e of the

Pic. 6. Calculation scheme for predicting the rate of thawing of permafrost soil within the subgrade’s
foundation when injecting cement-soil grouts [developed by the authors]:
1 - railway embankment; 2 - consolidated clayey soils within subgrade’s foundation; 3 - unconsolidated clayey soils within subgrade’s
foundation; 4 - permafrost soils within subgrade’s foundation; 5 - zone of stabilisation of soils of subgrade’s foundation by injection of
cement-soil grouts; 5 e - equivalent layer of grout in the stabilisation zone; 6 — zone of thawing (degradation) of permafrost soil due to heat

release of the injection grout.
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Pic. 7. Feature zones during thermal interaction of cement-soil grouts and permafrost soil during injection [developed by the authors]:
a) before injection; b) after injection.

thickness £, in the lower part of the stabilisation
zone (at the top of the permafrost soil).

This approach does not either introduce
significant errors into thermal engineering
calculations, but also corresponds to the real
conditions of pressure injection, when the grout
spreads into the zones of the least consolidated
soils of subgrade’s foundation. Wherein:
hy=k, h, ®)

The thickness of the zone 4, of thawing of
permafrost soils of subgrade’s foundation (6, Pic.
6) is recommended to be determined using
specialised software packages with assignment
of an internal heat source in the form of an
equivalent layer in accordance with the proposed
calculation scheme. The amount of total heat
release should be determined depending on the
initial temperature and composition of the
injection grouts, as well as the specific heat
release g, determined from test results or
dependence (7) when injecting similar materials
and under conditions similar to those considered
in the work. Based on the results of calculating
the thickness of the thawing zone, in accordance
with the pressure injection design algorithm
(Pic. 1), it is possible to evaluate the additional
subsidence of the foundation S, during the

-T Tt 0° +T
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Pic. 8. Scheme of temperature changes in zone Ill after injection
and stabilisation of the temperature background [developed
by the authors]: 1, 2 - temperature field before and after thawing
of permafrost soil, respectively.

thawing of the permafrost soil, as well as to
assess the need and number of additional steps
(iterations) of injection.

Also, a simplified method for predicting the
value of 4, is proposed for engineering
calculations. Such simplified calculations are
used in the Guidelines*, however, for the problem
being solved, their use is not justified, since they
use design schemes, materials and some
thermophysical parameters that do not correspond
to the conditions under consideration.

It is proposed to solve this problem in a one-
dimensional formulation along the axis of the
embankment, and to consider at the first stage
the thermal interaction of zone I, with thickness
h,, with soft soils within subgrade’s foundation
in a thawed state and the average temperature 7,
and zone II, represented by permafrost soils of
subgrade’s foundation (Pic. 7 a). Thermal
parameters of soils in these zones are determined
based on survey results. Since, in general, the
work considers the conditions of degradation of
permafrost soil, the temperature at the boundary
of thawed and frozen soils is taken to be T, — the
temperature at which the soil ends thawing.

After injection (Pic. 7 b), soft soils of zone
I are considered as an equivalent layer of grout
(5 e, Pic. 6) with a thickness % ,. This zone (I’) is
the zone for calculation of heat released by the
injection grout with an initial temperature 7, and
thickness £, due to its own heat and the heat of
hardening of cement. The amount of heat
released in this zone will be:

(cs em, +c,em, +c, -mL)-
(T +g 10
where m,.m,,m, are respectively, the
consumption of soil, water and cement in the
design cement-soil grout (for preparing 1 m?),
kg/m?;

*hyca, ®

1
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T, — temperature of zone I’ after complete
hardening of the grout and stabilisation of the
temperature in the surrounding soil (we assume
T,=T,K)

a — coefficient, equal to 1 m%.

In zone III with thickness 4, , degradation of
permafrost soil occurs due to heat release of the
injection grout. The amount of heat absorbed by
this zone consists of the heat necessary for the
ice—water phase transition, as well as the heat
necessary to increase the temperature of first frozen
and then (after the phase transition) thawed soils:

Onsate GopMyna HE MPOCMATPUBACTCS —
MO>KHO B3SITh M3 PyCCKOTO, OHA TaM IPaBHIIbHAS?

A, .p;f '(I’V;m _Ww)+
Oy = "{w)'(fh —Tm) shy,ca,

where A is specific heat of melting of ice, J/kg;

(10)

1

Pl skeletal density of permafrost soils,
kg/m’;

W, — total humidity content of permafrost
soils, unit fractions;

W _ — humidity of permafrost soils due to
unfrozen water, unit fractions;

¢~ specific heat capacity of permafrost soils,
J/(m*-K);

¢, — specific heat capacity of thawed soil,
J/(m3-K);

T,, — maximum negative temperature of
permafrost in zone I11 before injection according
to survey data, K.

Expression (10) is valid when the temperature
in zone III changes according to the scheme
shown in Pic. 8.

In zone 1V, with thickness / 0 the permafrost
soil temperature increases due to the heat release
of the injection grout. The amount of heat
absorbed by this zone will be:

Q,V=c,,-(%)-hﬂ-a_ (11)
Since the structure and composition of soils in
zones [T and IV are heterogeneous, physical features
of soils. including their heat capacity, used in (10)
and (11), are recommended to be calculated based
on their average values within the considered zones.

h, =

[(c: m +c,om, +c, om, )-(Tm -T,)+q,10° }he, -c, -[%J-hﬂ

Assuming that the main part of the heat release
from the injection grout will be ultimately aimed
at thawing permafrost soils within subgrade’s
foundation, without significant heat dissipation
through a significant thickness of overlying soils
into the atmosphere, the expression is correct:

Q[' = Q111 + QIV’ (12)

and then 4, can be found through analytical
solution (13) at the bottom of the page that allows
us to solve the problem of predicting the amount
of thawing of permafrost soils during injection
based on data obtained from the results of
engineering surveys at the site, as well as on
solutions and proposals obtained in this work.

CONCLUSION

To increase the efficiency of stabilisation of
the railway subgrade’s foundation during
degradation of permafrost soil, the method for
designing pressure injection of cement-soil
grouts has been improved and adapted to real,
widespread operating conditions of a railway
track on a soft subgrade’s foundation during
thawing of the permafrost soil.

The setup and conduction of a laboratory
experiment as well as its results have been
described allowing to determine the amount
(Pic. 5) of heat released by injection grouts of
various compositions due to the exothermic
reaction of hardening of cement.

A calculation scheme is proposed for
predicting the amount of permafrost soil thawing
within the subgrade’s foundation when injecting
cement-soil grouts for thermal engineering
calculations in specialised software packages. In
addition, an analytical solution for engineering
calculations has been proposed (13). In the
future, it is possible to improve the obtained
analytical solution based on identification of
some empirical coefficients.

The results obtained make it possible to
predict the /i, amount of thawing of permafrost
soils in subgrade’s foundations when injecting
cement grouts and to subsequently evaluate the
additional subsidence S, of the subgrade’s
foundation, as well as the need and number of
additional iterations of injection.

hi

hepl (W, —Ww)+[¥}(n ~T,)
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