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Ensuring Stability of the Earthbed in Gonditions
of Over-Watering on Weak Soils
In the Karaganda Region

Introduction. Railway transport plays a
key role in the socio-economic development of
Kazakhstan, providing stable communication
between regions, transportation of raw mate-
rials, products and passengers. This is espe-
cially relevant for the Karaganda region — one
of the industrial centers of the country, where
railways ensure the functioning of the metal-
lurgical, coal and other industries.

The foundation of any railway line is
the roadbed, the stability and reliability of
which directly affects the safety and efficien-
cy of transportation. However, in conditions
of over-wetting and weak soils, typical for a
number of areas of the Karaganda region, seri-
ous engineering problems arise. Excessive soil
moisture leads to a decrease in their bearing
capacity, deformations, subsidence, which en-
tails damage to the track superstructure, in-
creased repair costs and a threat to the safe
operation of the railway infrastructure.

Modern climate change, accompanied by

an increase in precipitation and floods, further
exacerbates the problem of over-wetting of the
roadbed. The stability of the roadbed of trans-
port routes in the Karaganda region remains
one of the most important tasks in the field
of engineering geology and transport construc-
tion. The region is characterized by complex
geomorphological conditions and the presence
of areas with high humidity and weak soils, es-
pecially during periods of floods and intense
precipitation.

Over-watering has a negative impact on
the bearing capacity of the soil base, causing
subsidence, deformation and destruction of
the road surface, which significantly reduces
the level of safety and reliability of the trans-
port infrastructure. The increasing incidence
of extreme weather conditions in recent years
only exacerbates this problem.

Given the active development of the trans-
port network in the region, the introduction

of modern methods of soil strengthening and [E2E]



B Tpyabl yHuBepcuteta N23 (100) « 2025

effective drainage systems is of particular im-
portance. Among the most promising areas is
the use of bitumen-containing materials that
increase the water resistance and strength
characteristics of weak foundations. An inte-
grated approach to ensuring the stability of the
roadbed can increase the reliability and dura-
bility of transport facilities, as well as reduce
the costs of their maintenance and restoration.

Therefore, the development and implemen-
tation of effective technical solutions aimed at
ensuring the stability of railway embankments
in weak and waterlogged areas is becoming
especially relevant.

Purpose of the study:

Increasing the stability of the railway track
bed in conditions of waterlogging and weak
soils using the example of the Karaganda re-
gion by analyzing geological features and us-
ing modern strengthening technologies.

Research objectives:

To study the geological and hydrological
features of railway sections in the Karaganda
region.

To analyze the physical and mechanical
characteristics of local soils and determine
their impact on the stability of the roadbed.

To examine and justify the effectiveness of
using bitumen-containing and other modern
materials to strengthen the foundation.

Perform numerical modeling of the stress-
strain state of a structure under the influence
of loads from railway transport.

Develop engineering recommendations to
improve the reliability of the roadbed in diffi-
cult conditions.

Scientific novelty:

A comprehensive approach to ensuring the
stability of the railway track bed has been de-
veloped, taking into account the specific cli-
matic and geological conditions of the Kara-
ganda region and based on the use of modern
materials and numerical modeling. For the first
time, the results of modeling the vibration im-
pact of rolling stock on waterlogged founda-
tions of the region are presented.

Practical significance:

The results of the study can be used in the
design, construction and reconstruction of rail-
way infrastructure in conditions of weak and
waterlogged soils. The proposed technologies
and engineering solutions allow increasing the
durability of the roadbed, reducing operat-
ing costs and improving the safety of railway
transport.

Materials and methods

The performance of the roadbed and its
foundation is determined mainly by three
groups of interrelated factors:

- the composition, condition and proper-

EE] ties of the soils that make up the roadbed and

its base (type of soil, its density, humidity,
granulometric and mineralogical composition,
reaction to alternating freezing and thawing,
wetting - drying, dissipative and absorption
capacities, etc.);

- the nature, magnitude of the acting forc-
es and operating conditions (static, vibration
and dynamic effects, intensity and frequency
of movement, axle loads of rolling stock, train
speed, their mass, etc.);

- design indicators of the track superstruc-
ture and its condition (type of rails, type of
ballast, thickness of its layer, type of sleepers
and their loading diagram, type of fastenings,
presence of irregularities on the rails, etc.).

The interdependent influence of the above
factors determines the performance of the
roadbed and its foundation.

To study the prevalence of soils in the road-
bed and its foundation, the railways of the Re-
public of Kazakhstan were divided into six con-
ditional zones (Figure 1).

I - territory with a depth of soil freezing up
to1m,

II - territory with a depth of soil freezing
from 1to 2 m;

III - territory with a depth of soil freezing
over 2 m;

1, 2, 3, 4, 5 - conditional zones of railways
on the territory of Kazakhstan.

- South, N 1 (sections of railways: Satim-
sak - Chengeldy, Shu -

Tyulkubas, Tyulkubas-Chengeldy);

- South-Eastern, N 2 (sections of the rail-
ways: Mointy - Sary-Shagan, Sary-Shagan -
Shu, Shu - Otar - Almaty, Almaty - Sary-0zek,
Sary-Ozek - Aktogay, Aktogay — Druzhba);

- Vostochnaya, N 3 (sections of railways:
Aktogay - Semipalatinsk, Semipalatinsk - Be-

CONDITIONAL ZONES
OF RAILWAYS IN
KAZAKSTAN
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Figure 1 — Conditional zones of railways of
Kazakhstan



lagash, Shemonaikha - Zyryanovsk);

- Central, N 4 (sections of railways: Astana
- Osakarovka, Osakarovka - Yuzhny, Yuzhny -
Mointy, Zharyk - Zhezkazgan, Mointy-Sayak,
Sayak -Aktogay);

- Western, N 5 (sections of railways: Kan-
dagach - Saksaulskaya, Saksaulskaya - Satim-
sak, Uralsk - Chingirlau, Yaisan - Kandagach,
Kandagach - Aty-rau, Kandagach - Sagiz, Sa-
giz - Atyrau, Makat - Oporny, Oporny - Uzen);

- Severnaya (sections of railways:
Zhelezorudnaya - Koybagar, Koybagar -
Sergeevka, Sergeevka - Astana, Astana -
Makinsk, Makinsk -

Novoishimskaya, Novoishimskaya-Kostan-
ay, Astana - Ermentau, Ermentau

- Pavlodar, Yesil — Arkalyk).

When studying soils by type, the following
were considered:

- rocky and semi-rocky;

- coarse-grained, which were divided into
boulder, pebble, and gravel;

- sandy, which are divided into: gravelly
sand, coarse and medium-sized sand, fine and
dusty sand; clayey - into sandy loam, loam
and clay.

When examining clay soils, sandy and clay-
ey soils with rocky inclusions of up to 25%
were distinguished separately.

Using the data from the passports, the
probability of the occurrence of various types
of soils at the base of the roadbed is deter-
mined, and the most common types of soils at
various depths are established.

When a rolling stock moves, the soil of the
roadbed experiences pulsating loads. This type
of soil operation affects the strength and, con-
sequently, the bearing capacity of the main
platform of the roadbed. Therefore, it is neces-
sary to know the limits of change in the phys-
ical and mechanical characteristics of the soil.

The performance of the roadbed is signifi-
cantly affected by the granulometric compo-
sition of the soil. N.A. Tsytovich noted in his
work: "The properties of the soils are deter-
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mined by the properties of the components,
as well as their quantitative ratio, electromo-
lecular, physicochemical, mechanical and oth-
er interactions between the components of the
soils." Therefore, the granulometric composi-
tion of the soils of the foundation of the road-
bed of the railways of the Karaganda region
was studied, which is given in Table 1.

The study of soils showed that at the base
of the railways of Kazakhstan they are very
heterogeneous in granulometric composition:
in most cases, particles of 0.05 - 0.005 mm
in size predominate (up to 88%). The data
in Table 1.2 show that according to granulo-
metric composition, soils are distributed in the
following way: larger particles are located on
the surface of the earth, and with increasing
depth, the soil particles become small. For ex-
ample, if 56% of soils with sizes of 2 - 0.05
mm are located on the surface of the earth,
then at a depth of 5 meters, soils with the
above particles are distributedonly 20.7%. At
the same time, the percentage of soils with
particles less than 0.005 mm, with increasing
depth, increases from 12% to 42.5%.

Figure 2 shows granulometric curves for
typical soil types in the Karaganda region:

e Sand - predominance of large particles
(fast passage through sieves);

e Sandy loam is an intermediate type with
uniform distribution;

e Loam - increase in fine fractions, de-
crease in permeability;

e Clay - dominance of particles less than
0.005 mm, sharp rise in the curve in the fine-
grained region.

The conducted analysis showed that the
soils underlying the railway roadbed of the
Karaganda region are significantly heteroge-
neous and dominated by fine fractions, espe-
cially at depths of over 2-3 meters. Such dis-
tribution has a negative impact on the filtration
properties and bearing capacity of the founda-
tion when exposed to dynamic loads from rail
transport. The data obtained confirm the need

Table 1 — Summary statement of the granulometric composition of the soils of the foundations
of the roadbed of the railways of the Karaganda region

No. | Soil type based on data from Karaganda region Fraction Diameter, mm Content, %

1 | Coarse-medium sand >2 mm >2 5-10%
Sand Coarse sand 2-0.5 25-35%
Sand Fine sand 0.5-0.1 30-40%

2 | Sandy loam (sandy-clayey mixture) Dust 0.1-0.05 10-20%
Loam 0.05-0.002 5-15%

3 | Clay (stone-clay base) Clay < 0.002 5-15%
4 | Silt-clayey weak foundations (embankment base) Silt/loam < 0.002 15-30%
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for specialized measures to strengthen the
foundation and improve drainage to increase
the stability of the roadbed in the complex en-
gineering and geological conditions of the re-
gion.

Soil overmoistening leads to the deteriora-
tion of the earthwork structure by reducing its
strength characteristics and stability. As a re-
sult, subsidence, deformations, and washouts
may occur, posing a serious threat to transport
infrastructure. In the Karaganda region, there
are many areas with overmoistened soil, which
require timely inspection and the implementa-
tion of engineering measures to stabilize the
condition of the earthwork (Figure 3).

A wide range of track machines is involved
in defect elimination. Figure 4 shows a ma-
chine designed for the leveling and compaction
of the railway track.

The volume of transportation directly de-
pends on the quality of railway roadbed com-
paction, as resulting defects can significantly
reduce it and negatively affect the capacity of
the railway infrastructure.

Statement of the problem and assign-
ment of boundary conditions

In addition to the use of bitumen-contain-
ing materials, other effective technologies
aimed at increasing the stability of the railway
track bed, especially in areas with weak and
waterlogged soils, are used in modern condi-
tions. These solutions include the following:

1. Geosynthetic materials

Geotextiles, geogrids, geomembranes and
other geosynthetics are widely used. They
perform the functions of reinforcement, layer
separation, filtration and drainage. Geotextiles
prevent mixing of soil layers, improve load
distribution and prevent subsidence. Geogrids

EEFA allow for uniform distribution of vertical and
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horizontal loads, reducing deformation of the
roadbed.

2. Chemical stabilization of soils

The use of cement, lime, ash, liquid glass
and polymer additives allows to increase the
strength characteristics of weak soils. Chem-
ical stabilization is effective both as an inde-
pendent solution and in combination with oth-
er methods. It increases the resistance of soils
to moisture, frost and loads from rolling stock.

3. Deep compaction and reinforcement

To strengthen weak foundations, technol-
ogies of bored piles, sand-cement pillars, and
vibration compaction are used. These methods
allow the load to be transferred to stronger
layers, reducing subsidence and increasing the
bearing capacity of the roadbed.

4. Use of lightweight filling materials

To reduce pressure on a weak foundation,
low-density materials such as expanded clay,
foam glass, and expanded polystyrene (EPS)
are used. They reduce the load on the soil, in-
crease the stability of the embankment, and
have good thermal insulation properties.

5. Installation of drainage systems

One of the most important conditions for
ensuring the stability of the roadbed is effec-
tive drainage. Longitudinal, transverse and lay-
er drainages prevent the accumulation of wa-
ter in the embankment body and in the base,
which is especially important during floods and
heavy rainfall. The use of drainage layers helps
reduce waterlogging and increase the strength
of the base.

6. Mechanical replacement of weak soils

In areas with critically weak foundations,
full or partial replacement of soil is practiced.



Weak soils are extracted and replaced with
sand, crushed stone, slag or artificial foun-
dations. In this case, cushions with drainage
properties are installed and layer-by-layer
compaction is carried out.

7. Thermal and electrical drying methods

In particularly difficult engineering con-
ditions, electroosmosis and temporary freez-
ing methods are used. Electroosmosis allows
moisture to be removed from clay and dusty
soils using an electric field, and freezing is
used for temporary stabilization of the foun-
dation, for example, during the construction of
tunnels and complex crossings.

8. Strengthening structures and reinforced
soil systems

To increase slope stability and prevent
landslides, gabions, terramesh systems and
reinforced soil retaining walls are used. They
are especially effective on slopes, in conditions
of unstable soils and high groundwater levels.

Thus, the modern approach to increasing
the stability of the roadbed involves the use of
a set of engineering solutions adapted to spe-
cific hydrogeological and climatic conditions.
The most effective are combined technologies
that combine strengthening, drainage and re-
inforcement of the foundation, which ensures
reliable and safe operation of rail transport.

One of the effective ways to increase the
stability of the railway roadbed on weak and
waterlogged soils is the use of bitumen-con-
taining materials. These materials can signifi-
cantly improve the physical and mechanical
characteristics of the base, increase its water
and frost resistance, and reduce deformation
processes that occur during operation.

Bituminous rocks, such as sand-bitumen
mixtures, bitumen-mineral compositions and
natural bituminous soils, have high adhesive
capacity and are water-resistant. When intro-
duced into the base of the roadbed, they si-
multaneously perform reinforcing, waterproof-
ing and stabilizing functions. In particular,
when mixed with local sands, clays or loams,
the soil structure is modified, which increases
its density and shear resistance.

In areas with waterlogged, weak-bearing
soils in the Karaganda region, the use of such
technologies is especially appropriate. The use
of bitumen-containing rocks allows:

e reduce the water permeability of the base
to a minimum level;

e prevent capillary rise of moisture;

e increase resistance to seasonal tempera-
ture changes;

e increase the service life of the roadbed
without the need for frequent repairs.

The reinforcement technology may include
preliminary excavation of weak soil, installa-
tion of a sand cushion, mixing with bitumen
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binders on site, compaction in layers with roll-
ers. It is also possible to deliver ready-made
bitumen-mineral mixtures to the site with sub-
sequent laying and ramming.

Field and laboratory studies show that al-
ready with the introduction of 4-6% bitumen
into the mineral base, a significant improve-
ment in the bearing capacity is achieved. It
is important to take into account the type of
binder, temperature conditions of laying, uni-
formity of bitumen distribution and the method
of compaction.

Thus, the use of bitumen-containing rocks
is one of the promising solutions for strength-
ening the main platform of the railway track,
especially in the complex hydrogeological con-
ditions of the Karaganda region.

The technologies of compaction of ballast
prism using machines provide for local impact
through the compaction surface of the work-
ing element on a certain zone of the prism.
As a result, the ballast material in this zone is
compacted with the formation of the so-called
compaction core. Segregation of zones of bal-
last material with different degrees of compac-
tion is observed. After repeated force impact
by the working element of the machine or op-
erational load from trains, the distribution pat-
tern of the said zones changes.

The vibrating working element excites os-
cillatory processes in the layer volume. In the
zone of direct impact, there is an intensive re-
structuring of the crushed stone texture, and in
remote zones, elastic and inelastic movements
with attenuation are observed. The boundaries
between the zones are blurred. Therefore, we
can talk about two interrelated processes: on
the one hand, segregation of zones of the com-
pacted state of the ballast occurs, and on the
other hand, diffusion of compaction through-
out the volume of the prism. Let us consider
these two interrelated processes on a mathe-
matical model.

When using a model with full diffusion as a
result of the effect of force P on the ballast vol-
ume Vy of size Sy along the direction of force
action P, the achieved relative compaction set-
tlement (Fig. 5, a):

v,
E,=1-7-(1-Ey), (1)

where Vy = V, + V and V, is the volume of
ballast before and after the force action under
consideration, m3; V is the decrease in ballast
volume during compaction, m3.

As a result, a volume with a uniform distri-
bution of the degree of compaction is formed
(homogeneous volume).

Provided that there is a complete absence
of diffusion of the degree of ballast compac-

tion, as the compacting surface advances, a EEE}
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gradual increase in the zone of ultimate com-
paction Vn occurs (Fig. 5, b).

Vi+(1—F
vo = DU, @)
In this process, it can be considered that
the change in shape occurs in the initial vol-
ume equal to Vy = Vi + V, characterized by the
initial value of the relative compaction settle-
ment E,. Then formula (1) can be written as A:

En = 1—VH_{‘_/W(1—EH). (3)

After transformations, we obtain an expres-
sion for determining the core of the extremely
compacted ballast:

_ AV(1—En)
Vi = T E—E, (4)

If we take the area of the vibrating surface
and the area of the ballast as unitary, then we
obtain formulas that connect its movement
and the movement of the conditional boundary
of the core into the ballast layer:

Sy =Sn+ AS,
AS(1—FE
SHZM, (5)

where S, and S, are the displacement of the
ballast before and after the force impact under
consideration, m; S is the displacement of the
vibrating surface, m, A.

It should be noted that the largest displace-
ments occur on the two edges of the sleeper
base.

The integrated use of technologies for
stabilizing weak foundations, including bitu-

EEId men-containing materials, geosynthetics and
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vibration compaction of the ballast prism, al-
lows to significantly increase the bearing ca-
pacity of the roadbed and reduce the risks
of its deformation. Mathematical modeling of
compaction processes confirms the effective-
ness of the approach based on managing the
segregation and diffusion of the compacted
zone. This is especially relevant for the railway
infrastructure of the Karaganda region, where
waterlogging and weak soils require reliable
and economically viable engineering solutions.

Conclusions

The conducted comprehensive analysis
showed that ensuring the stability of the road-
bed on waterlogged areas of weak-bearing
soils in the Karaganda region requires a sys-
tematic approach combining engineering and
geological studies, the use of modern building
materials and modeling the stress-strain state
of the structure. It was established that the
main factors of loss of stability are excessive
moisture, low filtration capacity and weak soil
adhesion.

The use of bitumen-containing materials to
stabilize the main platform of the roadbed has
proven its effectiveness, providing a decrease
in water permeability, an increase in shear
strength and resistance to deformation. In ad-
dition, the results of numerical modeling in the
Ansys WB environment confirmed that the im-
plementation of these technologies contributes
to the redistribution of stresses and a decrease
in plastic deformations in the under-sleeper
zone under the influence of dynamic loads,
such as vibrations from rolling stock.

The proposed engineering solutions, adapt-
ed to the conditions of the Karaganda region,
ensure increased reliability, durability and
safety of the railway infrastructure. Their use
is especially relevant in the context of climate
change and more frequent extreme weather
events, which increase the risk of loss of road-
bed stability. The introduction of such technolo-
gies also allows for a reduction in maintenance
costs and an extension of the inter-repair cycle
of railway tracks.
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