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Abstract. This article examines the design of earthworks to improve the stability of embankment 
slopes in sandy soils reinforced with geosynthetic materials. Ensuring the stability and strength of 
the earth bed in sandy soils is particularly relevant under increasing train speeds and growing 
linear and axial loads on existing and newly constructed railway lines. A design solution for an 
embankment in sandy soils reinforced with geosynthetics is proposed based on calculations of the 
slope stability coefficient. Calculation schemes for determining additional restraining forces and 
slope stability when using volumetric geogrid and geotextile are presented. The increase in the 
stability coefficient is achieved through additional restraining forces provided by the geotextile 
and each 𝑖-th cell of the volumetric geogrid. It has been established that reinforcement of sandy 
embankment slopes with geosynthetic materials increases the retention force T-hold by 18-25 % 
due to additional design parameters, while the stability coefficient rises by 14-23 %, ensuring the 
required condition 𝐾 ≥ 1.2.  
Keywords: stability, earth bed, reinforcement, energy efficiency, retention force, slope 
stabilization, volumetric geogrid, geotextile, geosynthetic materials. 

1. Introduction 

At present, railway construction and operation in Uzbekistan are increasingly oriented toward 
resource-saving technologies that extend the service life of technical facilities, particularly track 
equipment as key elements of railway infrastructure [1]. Improving railway transport efficiency 
requires high reliability and operational stability of the track base – the earth bed – a complex 
structure mainly composed of sandy soils of complex origin. Research is focused on improving 
existing and developing new earth bed designs and slope strengthening technologies [2]. The study 
examines embankment slopes on the Kiyikli–Khizirbobo section of the Bukhara-Misken railway 
line. Rising train speeds, increased linear and axial loads, and the introduction of new permanent 
way structures impose stricter requirements on subgrade strength and stability [3, 4]. 

Studies on the use of geosynthetic materials in earth bed structures aim to develop solutions 
that enhance the stability of sandy railway embankments, reduce deflation and deformation, and 
improve slope reinforcement technologies [5-8]. Priority is given to constructive-technological 
and organizational solutions based on geosynthetics [8-10]. Key tasks include evaluating 
reinforced slope stability under various soil conditions and developing effective reinforcement 
measures. 

Recent international studies have further confirmed the effectiveness of geosynthetic 
reinforcement for embankment and slope stabilization under complex loading conditions, 
including geocell-reinforced railway embankments, upper-bound stability analysis of reinforced 
slopes, and finite-element studies of geotextile-supported embankments under variable geometry 
and loading [11-13]. 

https://crossmark.crossref.org/dialog/?doi=10.21595/vp.2026.26159&domain=pdf&date_stamp=2026-06-08
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Experience from the construction and operation of the Tashguzar–Kumkurgan, Angren–Pap, 
and Bukhara–Misken railway lines highlights the need to ensure subgrade strength and stability 
from the construction stage [14, 15]. The study aims to determine the stability of sandy 
embankment slopes reinforced with geosynthetic materials. Domestic researchers focus on 
improving slope design and reinforcement methods [16, 17]. The research objectives are: 

– Development of constructive-technological and organizational solutions using 
geosynthetics. 

– Assessment of reinforced slope stability considering operational conditions. 
– Preparation of recommendations to enhance railway subgrade slope stability. 
The research included theoretical and experimental studies conducted on the Bukhara-Misken 

railway line. Stability was assessed using circular cylindrical sliding surface methods (“method of 
areas,” “method of friction circle,” etc.). Soil parameters for Plaxis 2D and GEO 5 modeling were 
taken from geotechnical reports of ‘BOSHTRANSLOYIHA,’ Ltd. 

Geosynthetic materials improve both general and local slope stability and provide erosion 
protection [18-21]. Priority areas include developing new sandy embankment designs, 
strengthening slopes, and reducing deflation and deformation. 

2. Materials and methods 

2.1. Choice of the design to increase stability of embankment slopes in sandy soils 

The main method for calculating the stability of earth bed slopes is the method of  
G. M. Shakhunyants. G. M. Shakhunyants method takes into account practically all kinds of 
possible impacts on the earth bed and takes into account the interaction of the compartments of 
massif breakdown of the possible shift. In standard documents this method is given as the basic 
method for calculations of slope stability by circular cylindrical shift surfaces [22]. 

To clarify the computational procedure, Fig. 1 shows the slice-based model used in the 
Shakhunyants method. The potentially unstable soil mass is divided into n vertical slices, and for 
each 𝑖-th slice the acting forces, normal and tangential components, and the corresponding 
resisting and driving moments are determined with respect to the center of rotation 𝑂. 

 
Fig. 1. Slice-based computational scheme for embankment slope stability  

analysis according to the Shakhunyants method 

The calculations of the stability coefficient of earth bed slopes are performed using the 
classical formula of Prof. G.M. Shakhunyants. For clarity, the summation notation used below is 
interpreted slice-by-slice over the entire assumed sliding body: 

𝛫 = ∑ 𝑀௜ି௛௢௟ௗ௡௜ୀଵ∑ 𝑀௜ି௦௛௜௙௧௡௜ୀଵ = ∑ ሺ𝑐௜𝑙௜ + 𝑓௜𝑁௜ + 𝛵௜ି௛௢௟ௗሻ௡௜ୀଵ ∑ 𝛵௜ି௦௛௜௙௧௡௜ୀଵ , (1)
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where, 𝐾 is the slope stability coefficient. The notation ∑ 𝑀௜ି௛௢௟ௗ௡௜ୀଵ  and ∑ 𝑀௜ି௦௛௜௙௧௡௜ୀଵ  is used in 
condensed form and should be interpreted as Σ(𝑖 = 1 to 𝑛) 𝑀௜ି௛௢௟ௗ and Σ(𝑖 = 1 to 𝑛) 𝑀௜ି௦௛௜௙௧, 
respectively, where 𝑀௜ି௛௢௟ௗ is the resisting moment of the 𝑖-th slice and 𝑀௜ି௦௛௜௙௧ is the driving 
moment of the 𝑖-th slice. Here 𝑛 is the total number of slices in the assumed sliding mass. In the 
same equation, 𝑐௜ is the cohesion of soil in the 𝑖-th slice, 𝑙௜ is the base length of the 𝑖-th slice,  𝑓௜ = tan𝜑௜ is the friction coefficient corresponding to the internal friction angle of the 𝑖-th slice, 𝑁௜ is the normal force acting on the base of the 𝑖-th slice, and 𝛵௜ି௛௢௟ௗ is the additional restraining 
force acting on the 𝑖-th slice due to reinforcement. Thus, the index 𝑖 varies from 1 to 𝑛. 

The parameters of sandy soils (cohesion, internal friction angle, unit weight and deformation 
modulus) were determined based on engineering-geological investigations and standard 
recommendations for railway subgrade design in sandy soils (Table 1). 

Table 1. Main geotechnical parameters of sandy soil used in calculations 
Parameter Value 

Cohesion (𝑐) 3-8 kPa 
Friction angle (𝜑) 28-34° 
Unit weight (𝛾) 17-19 kN/m3 

Elastic modulus (𝐸) 15-25 MPa 

The values of embankment slope stability coefficient were determined for different soils using 
Eq. (1). The changes in the slope stability coefficient for different soils are shown in Fig. 2. The 
graph was generated from analytical calculations performed by Eq. (1) for the adopted soil 
parameters and embankment heights considered in the study. 

 
Fig. 2. Diagram of changes in the values of the stability coefficient  

of embankment slopes with different soils 

Analysis of the calculation results and the graph of change in the slope stability coefficient for 
different soils show, that the standard value of the embankment slope stability coefficient 𝐾 ≥ 1.2 
is provided in all, except sandy soils. In sandy soils, the embankment height exceeds 6 m. 
Consequently, if the embankment is more than 6 m high in sandy soils, reinforcement is required. 

Stability of embankment slopes in sandy soils is increased by strengthening them with 
geosynthetic materials (geotextile and volumetric geogrid). 

The design of the earth bed embankment constructed of sandy soils reinforced with 
geosynthetic materials is shown in Fig. 3. 

2.2. Calculation of restraining forces when laying a volumetric geogrid 

Stability of embankment slopes in sandy soils when laying a volumetric geogrid increases due 
to the increase in restraining force 𝑇௛௢௟ௗ. 

In each 𝑖-th cell of the volumetric geogrid additional restraining forces arise, which are shown 



STABILITY OF EMBANKMENT SLOPES IN SANDY SOILS REINFORCED WITH GEOSYNTHETIC MATERIALS.  
KUVANDIK LESOV, SHERZOD TADJIBAEV, RONGSHAN YANG, MUKHAMEDALI KENJALIYEV, ULUGBEK ERGASHEV, NODIR BEGMATOV 

212 ISSN PRINT 2345-0533, ISSN ONLINE 2538-8479  

in Fig. 3. According to Newton’s third law, in the soil-filled cells of the volumetric geogrid the 
shift 𝑇௦௛௜௙௧ and restraining forces 𝑇௛௢௟ௗ will be equal to zero, since they are reinforced by metal 
anchors. The anchors ensure stable positioning of the volumetric geogrid. 

 
Fig. 3. Construction of embankment of the earth bed, erected from sandy soils with reinforcement  

by geosynthetic materials: 1 – geogrid (volumetric), 2 – local soil in cells of geogrids  
(with seeding of sandy grass seeds), 3 – anchor, 4 – nonwoven geotextile 

The restraining forces from the volumetric geogrid 𝑇௚௘௢.௚ acting on each 𝑖-th cell are 
determined according to the calculation scheme (see Fig. 4) by the following formula [20]: 𝑇௚௘௢.௚ = ෍ 𝐶௚௜ ⋅ 𝑙௚௜ + 𝐶௚௜ ⋅ 𝑙௚௜ + 𝑃௚௜௡௜ୀଵ , (2)

where 𝐶௚௜ is specific adhesion of the soil in the cell of the volumetric geogrid, kPa; 𝑓௚௜ is friction 
coefficient of the soil of the volumetric geogrid cell; 𝑙௚௜ is the size of the base of the 𝑖-th cell of 
the volumetric geogrid, m; 𝑁௚௜ is normal component of the weight of the 𝑖-th cell of the volumetric 
geogrid, kN; 𝑃௚௜ are tangential forces of each 𝑖-th cell of the volumetric geogrid, kN. 

 
Fig. 4. Calculation scheme for determining additional restraining forces  

in each 𝑖-th cell of the volumetric geogrid 

The parameters 𝐶௚௜, 𝑓௚௜ and 𝑃௚௜ were determined based on engineering survey data and 
accepted design recommendations for reinforced sandy soils. In Eq. (2), 𝑇௚௘௢.௚ is the total 
restraining force generated by the volumetric geogrid and is obtained by summing the contribution 
of each 𝑖-th cell over the active reinforced zone; thus, 𝑛 is the number of geogrid cells considered 
in the calculation. Here, 𝐶௚௜ is the specific adhesion of the soil in the 𝑖-th geogrid cell, 𝑓௚௜ is the 
friction coefficient of the soil in the cell, 𝑙௚௜ is the characteristic base size of the 𝑖-th cell, 𝑁௚௜ is 
the normal component of the weight of the 𝑖-th cell, and 𝑃௚௜ is the tangential force associated with 
the 𝑖-th cell. 
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3. Results and discussion 

Determination of stability coefficient of embankment slopes in sandy soils reinforced with 
geosynthetic materials 

The calculation of embankment stability belongs to the first group of limit states. Therefore, 
stability is determined by the stress-strain state and strength of the embankment soils. The 
volumetric state of the soil mass is characterized by strength and physical and mechanical 
characteristics, which are as follows: deformability modulus, specific gravity, specific cohesion 
and angle of internal friction. 

The coefficient of stability of embankment slopes in sandy soils when laying geosynthetic 
materials is determined by taking into account the proposed additional restraining forces from the 
geotextile and each 𝑖-th cell of the volumetric geogrid. The geosynthetic reinforcement used in 
the design was characterized by standard physical and mechanical properties, including tensile 
strength, surface density, cell geometry and deformation resistance, which were adopted according 
to manufacturer specifications and design recommendations. 

Taking into account additional restraining forces, Eq. (1) will get the following form: 

𝛫 = ∑ ሺ𝑐௜𝑙௜ + 𝑓௜𝛮௜ + 𝛵௜ି௛௢௟ௗሻ + 𝑇௚௘௢.௚ + 𝑇௚௘௢.௧௡௜ୀଵ ∑ 𝛵௜ି௦௛௜௙௧௡௜ୀଵ , (3)

where, the additional restraining terms correspond to the contribution of the geotextile and the 
restraining force generated by each 𝑖-th cell of the volumetric geogrid. In condensed notation, 𝑇௚௘௢.௧ denotes the total restraining effect of the geotextile layer, whereas 𝑇௚௘௢.௚ denotes the total 
restraining effect of the volumetric geogrid obtained by summing the cell contributions over the 
active reinforced zone. Therefore, the modified expression accounts for both the natural soil 
resistance and the reinforcement effect. 

When strengthening the slopes of the earth bed constructed in sandy soils with geosynthetic 
materials additional restraining forces 𝑇௚௘௢.௚ and 𝑇௚௘௢.௧ influence the value of slope stability 
coefficient. Comparative results of change of values of stability coefficient of slopes without 
strengthening and taking into account additional restraining forces at strengthening are given in 
table 1. As can be seen from Table 2, the calculations showed that the use of geosynthetic materials 
in reinforcing the slopes of sandy soil embankments increases the stability coefficient by 14-23 % 
depending on the height of the embankment. 

Comparison of stability coefficient values without strengthening the slopes of the earth bed, 
erected from sandy soils and when strengthening them with geosynthetic materials in the graphical 
representation are shown in Fig. 5. The graph was plotted from the analytical values listed in 
Table 2 for unreinforced and reinforced embankments. 

Table 2. Comparative results of changes in the values of slope stability coefficient without strengthening 
and taking into account additional restraining forces with strengthening 

Stability coefficient, 𝐾 At the height of the embankment, m 
6 8 10 12 14 16 18 20 22 24 

Without reinforcing 1.21 1.16 1.13 1.12 1.10 1.09 1.08 1.07 1.07 1.06 
With a view to reinforcing 1.49 1.39 1.34 1.30 1.27 1.25 1.23 1.22 1.21 1.21 

The analysis of the results of calculation of the stability coefficient of slopes of embankment 
slopes in sandy soils shows that the total restraining force increases by 18-25 %, and the stability 
coefficient increases by 14-23 % and always provides the required condition 𝐾 ≥ 1.2. Numerical 
modeling in Plaxis 2D and GEO5 confirmed the increase in the stability coefficient obtained by 
analytical calculations, demonstrating consistency between analytical and numerical approaches 
[2, 22]. Both approaches showed the same trend: without reinforcement, the stability coefficient 
decreases with increasing embankment height, whereas reinforcement preserves the required 
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stability level and increases the safety margin of the slope. 

 
Fig. 5. Comparative graph of changes in the values of the stability coefficient of the earth bed slopes 

4. Conclusions 

1) The application of geosynthetic materials is aimed at improving existing and developing 
new earth bed structures to enhance overall and local stability of embankment slopes in sandy 
soils. a comprehensive approach to selecting the material type and assessing slope stability is 
essential. 

2) It is recommended to apply the method of Prof. G.M. Shakhunyants, adopted in standard 
documents as the main method, to determine the stability coefficient of earth bed slopes. 

3) The use of geosynthetics in earth bed structures improves erosion resistance and increases 
the stability coefficient of embankment slopes. Long-term performance aspects such as creep and 
environmental effects should be considered in future studies. 

4) Analysis of calculations and graphs of slope stability coefficients for different soils shows 
that the standard stability value is ensured for all soils except sandy ones. in sandy soils, stability 
is not ensured when the embankment height exceeds 6 m; therefore, slopes higher than 6 m require 
reinforcement. 

5) The results indicate that additional restraining forces increase the total retaining force by 
18-25 %, while the stability coefficient increases by 14-23 %; in the reinforced cases, 𝐾 increases 
from 1.21-1.06 to 1.49-1.21 depending on embankment height. These results, supported by the 
present analytical and numerical study, confirm that the reinforced sandy embankment slopes 
satisfy the required condition 𝐾 ≥ 1.2. 
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