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Abstract. This paper proposed a calculation method that reflects the 
process of deformations of the soil mass and subsidence of the ground's 
surface around the shallow subway tunnels and their study, taking into 
account the engineering and geological conditions of the construction site 
on the third line of Tashkent metro. The vertical ground displacements of 
soil mass and zone of destruction (instability) around the hole of the 
running tunnel of the metro located at different depths were determined. As 
a result of the numerical calculations performed, the settlements of the 
ground's surface were determined during tunneling by the shield method. It 

was found that the maximum value of the trough of the ground's surface 
decreases with an increase in the depth of the tunnel. This is because with 
deep tunneling, settlements are largely determined by the decrease in the 
vertical pressure of the soil on the tunnel due to the formation of a limited 
disturbed zone around the tunnel hole. 

1 Introduction 

Today, an ever-expanding Tashkent with an increasing population and cars is facing the 

problem of traffic jams, which can seriously cause large economic and social losses. To 

solve this problem, various bridges, overpasses, and new roads are being built, and the 

city's appearance is changing more and more. Tashkent is getting wider and bigger. The 

development strategy of the new Uzbekistan for 2022-2026 put forward by the President of 

our country Shavkat Mirziyoyev is aimed at increasing the effectiveness of progressive 

reforms, bringing the development of the country and society to a new level. Currently, 

three metro lines are operating in Tashkent: Chilanzar, Uzbekistan, and Yunusabad. 
Recently, the Yunusabad line from the Shahristan station to the Turkiston station was 

extended, the Uzbekistan line at the Dustlik station docked with a section of the circle line, 

and the Chilanzar line joined the Sergeli branch. The first stage of the circle line and the 

extended section of the Chilanzar line to the Sergeli residential area is located on the 

Holocene flat terrace on the overpasses. The remaining promising areas are located in the 

thickness of the 20 m Tashkent terrace in a reliable layer of loess (Fig.1). 

Considering the difficult engineering-geological and hydro-geological conditions of 

construction on the section of the Yunusabad metro line from the Shahristan station to the 
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Turkiston station, the tunnels of the closed work method were built using a tunnel-boring 

mechanized complex (TBMC) with a face load [1]. For tunneling, a Herrenknecht 

mechanized shield with a soil load is used. The drilling diameter in the penetration is 5.9 m, 

and the distance between parallel single-track tunnels is 12.9 m. The average depth of the 

tunnel from the ground to the tunnel contour is 15 m. 

Prediction and evaluation of possible impacts on surface structures during tunneling, 

especially shallow tunnels, is an important issue in the design, construction, and operation 

of shallow tunnels. The change in the stress-strain state (SSS) of the soil massif 

surrounding the tunnel hole under construction and the formation of the displacement field 

associated with it have a very significant effect on the massif, the manifestation of which 

can reach the earth's surface with the formation of t ground-settlement trough. It is obvious 
that the magnitude of displacements on the earth's surface will be determined by the level 

of deformation disturbances in the soil massif directly adjacent to the tunnel. Having found 

them, we can estimate the magnitude of displacements on the earth's surface and soil massif 

surrounding the tunnel hole under construction. 

Among the large variety of numerical methods that have found their application in 

geomechanics, perhaps only three of them should be highlighted - this is the finite 

difference method, method of boundary integrals, and finite element method. The finite 

difference method, which is used, as a rule, in rigid-plastic problems, allows one to 

approximately solve differential equilibrium equations by switching to equations in finite 

differences after constructing meshes of lines, at the intersection of which stress 

components are determined. The most popular numerical method in geomechanical 

problems is the finite element method [1-3]. The wide application in the practice of 
calculations of soil masses confirms its relevance in the problems considered in this work. 

 

 

Fig. 1. Underground and elevated lines of the Tashkent metro 
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2 Objects and methods of research 

At the same time, the stress-strain state of untouched soil massif under the action of initial 

stresses without a hole is first determined, then an excavating is carried out in it, and an 

additional stress in soil massif are determined from the "removed" stresses on its contour. 

The sum of the initial and additional stresses solves the problem [4-7]. The desired 

components of the total stresses in the soil area S (Fig. 2) can be represented, as indicated 

above, as the sum of two terms: 

𝜎𝑥 = 𝜎𝑥
(0)

+ 𝜎𝑥
(1)
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(0)

, 𝜎𝑦
(0)

, 𝜏𝑥𝑦
(0)

   are the initial stresses that acted in the undisturbed mass before the 

formation of the tunnel hole; 𝜎𝑥
(1)

, 𝜎𝑦
(1)

, 𝜏𝑥𝑦
(1)

 are the additional (removable) stresses caused 

by the formation of a hole.  

Based on the foregoing, the calculation scheme of a tunnel hole is, in the general case, a 

plane simulating the massif weakened by a hole. The removed stresses are applied to the 

line of boundary CL, and external forces can also be applied to the boundary CP, if 

necessary.   

In soil massif with an average specific gravity γ, the vertical and horizontal components 
of the body forces from earth pressure at a certain depth can be determined by the well-

known formulas: 

𝜎𝑦
(0)

= 𝛾𝐻; 𝜎𝑥
(0)

= 𝜆𝛾𝐻      (2) 

where 𝐻 is depth in consideration point of massif; γ is average specific gravity of the 
massif; λ is lateral pressure coefficient. 

 

Fig. 2. The scheme for determining the stress-strain state around excavated tunnel hole 
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The loads applied to the considered part of massif can be specified both by the boundary 

normal and tangential forces and by the distributed forces from the weight of soil. On the 

remote lateral boundaries Сu of considered area S, the corresponding conditions are 

modeled that prohibit displacements along normal to these boundaries. If the mass is 

layered, then the stresses change significantly from layer to layer, and the more, the more 

their elastic characteristics differ. Therefore, when the hole for the tunnel intersects soil 

layers with different initial stress state, the stress distribution around the hole contour 

differs significantly from the homogeneous model. The elastic linear model is based on 

Hooke's law of isotropic linear elasticity.  

The model includes two constant stiffness parameters: deformation modulus E and 

Poisson's ratio υ [8]. Analysis of the stress state by the finite element method satisfies the 
conditions of the static equilibrium condition. It makes it possible to evaluate stress changes 

caused by varying elastic properties, inhomogeneity, and geometric shapes. Thus, by 

specifying the forces at each node from the self-weight of soil and at the area's boundaries, 

a system of joint equations based on a common stiffness matrix can be solved regarding 

displacements of each node. 

If the calculation results are considered in a different form, then the relationship 

between the stresses in Cartesian and polar coordinate systems (Fig. 3, b) is obtained from 

the transformation formulas: 

𝜎𝑟

𝜎𝜃
} =

𝜎1 + 𝜎2

2
±

𝜎1 − 𝜎2

2
𝑐𝑜𝑠2𝜃 

𝜏𝑟𝜃 = −
𝜎1−𝜎2

2
𝑠𝑖𝑛2𝜃    (3) 

Once the displacements are found, each element's stresses can be determined. The mesh 

of soil area is carried out by isoparametric finite elements (Fig.3, a) [9, 10]. The well-

known Mohr-Coulomb model can be considered a first-order approximation concerning the 
real behavior of the soil [8, 11]. The well-known Mohr-Coulomb model can be considered 

a first-order approximation concerning the real behavior of the soil [12]. This elastoplastic 

model requires knowledge of four main input parameters, namely, the deformation modulus 

E, Poisson's ratio υ, cohesion C, and the angle of internal friction φ. 

 

 

a)                                                        b) 

Fig. 3. Finite element area (a) and stress representation scheme in Cartesian and polar coordinate 
systems (b) 
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1 is area of elastic deformations; 2 is area of plastic deformations 

Fig. 4. Structural scheme (a) and stresses diagram of elasto-plastic model (b) 

 

In the general case, when opening a hole in a soil mass, two zones are distinguished 

(Fig. 4): elastic - stable 1 and plastic - unstable 2, in which the stress distribution obeys the 

Hooke's law (𝜎 = 𝐸𝜀) and the law of strength - Mohr-Coulomb condition (𝜏пр = 𝜎𝑛𝑡𝑔𝜑 +

𝐶) [13]. Here on the shear areas: 𝜏𝑙𝑚  is the limiting shear stress, 𝜎𝑛 is the normal stress.  

If the strength of the soil material is determined only by the maximum and minimum 

principal stresses, then the Mohr-Coulomb condition can be written in the following form: 

 sin)2( 2121 c                                 (4) 

In this case, the principal stresses, as is known, are expressed in terms of the stress 

components along two mutually perpendicular areas by the dependencies: 
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            (5) 

Stresses are calculated at the center of each finite element. With known stresses field 

within the study area and given limit state conditions, it is possible to estimate the soil's 

strength at each massif point [14]. Assuming, for example, that the destruction of rocks 

occurs due to shear, knowing the limiting values of shear resistance for the soil of different 

sections of the massif, and determining the effective shear stresses for most dangerous areas 
in the elements of mesh, we can find the values of safety factors for these points:      

𝜂 =
𝜏𝑙𝑚

𝜏
    (6) 

In the simplest case, these data make constructing lines of equal soil safety factors 

possible at points. Areas with η>l indicate that the soil has a margin of safety; at η=l, the 

limit state occurs at points, and the areas with η<l are unstable. 

3 Results and discussion  

Let's consider the problem of determining the stability of tunnel excavation, which was 

carried out using the Herrenknecht (TBMC). In the course of solving the problem, the 

initial stresses field, zones of limiting states in the vicinity of the tunnel hole, and vertical 

displacements of the surface of soil mass were calculated. In this case, the main linear 

dimensions of the model are accepted as follows: width of the model (dimension in the 

direction of the X-axis) - 100 m; model height (dimension in the direction of the Y-axis) - 

70 m. For this, the physical and mechanical properties of soil on the tunnel route between 

Turkistan and Yunusabad stations were used, which are presented in [15, 16]. The depth of 
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the tunnel varies from 8 to 22 m. Figure 5 shows numerical finite element models of massif 

with tunnels at various depths. 

 

 

Fig. 5. Numerical models of soil massif with tunnel hole on various depths 

 

Further, due to calculations, local zones of destruction around the tunnel were found. 

These zones are expressed through certain values of soil safety factors η, which are formed 

due to plastic failure according to the Mohr-Coulomb strength (limiting state) condition 
(Fig. 6). 

 

 
                  a) H=8 m                 b) H=15 m                    c) H=22 m 

Fig. 6. Izochromes of safety factors η for the given area at tunneling depths 

 

The accounting for plastic conditions with changes in soil deformation parameters for 

each case (𝐻 = 8 𝑚, 15 𝑚, 22 𝑚) shows that they significantly changed the stress-strain 

state of soil around the tunnel. The zone of instability around the tunnel hole becomes 

limited as the depth increases.  
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Fig. 7. Distribution of tangential, radial, and rotational stresses around the tunnel hole  
(θ=0о, Н=8 m) at deformation zones: a) elastic, b) plastic 

 

Fig. 8. Distribution of tangential, radial, and rotational stresses around the tunnel hole  
(θ=180о, Н=8 m) at deformation zones: a) elastic, b) plastic 

 

Fig. 9. Distribution of tangential, radial, and rotational stresses around the tunnel hole (θ=0о, Н=15 m) 
at deformation zones: a) elastic, b) plastic 

 

 

Fig. 10. Distribution of tangential, radial, and rotational stresses around the tunnel hole  
(θ=180о, Н=15 m) at deformation zones: a) elastic, b) plastic 
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Fig. 11. Distribution of tangential, radial, and rotational stresses around the tunnel hole  
(θ=0о, Н=22 m) at deformation zones: a) elastic, b) plastic 

  

Fig. 12. Distribution of tangential, radial, and rotational stresses around the tunnel hole  
(θ=180о, Н=22 m) at deformation zones: a) elastic, b) plastic 

Fig. 7-12 shown in the form of diagrams the distribution of values of radial, tangential, 

and shear stresses when the tasks were solved without taking into account local damage in 

the soil area around the tunnel. The analysis of diagrams shows that the formation of plastic 

deformation area leads to a decrease in the stress level near the hole contour compared to 

the solution of an elastic problem. The maximum stresses move deep into the mass to the 

interface between elastic and plastic areas. Also, it was found that the maximum value of 

the trough of the ground's surface decreases with an increase in the depth of the tunnel   

(Fig. 13). 

 

Fig. 13. Troughs of vertical deformation of earth's surface at different tunnel depth:  

 𝐻 = 8 𝑚, 𝐻 = 15 𝑚, 𝐻 = 22 𝑚. 

4 Conclusion 

The computational model has been developed to study ground behavior and stress-strain 

state in zones of tunnel holes located at soil massif and conducted settlements analysis on 
tunneling of shallow-buried Metro in Tashkent city. As a result of the numerical 

calculations performed, the settlements of the ground's surface were determined during 

tunneling by the shield method. It was found that the maximum value of the trough of the 
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ground's surface decreases with an increase in the depth of the tunnel. This is because with 

deep tunneling, settlements are largely determined by the decrease in the vertical pressure 

of the soil on the tunnel due to the formation of a limited disturbed zone around the tunnel 

hole. 
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