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Abstract. In a water environment, various stress sources act on the dam body together. The degree to which these factors are taken into account determines the proximity of the modeling results to real conditions and the degree of their application in engineering analysis. The fully water-filled nuclear earth dam was assessed under two different conditions. If in the first approach, the hydraulic impact was considered only as hydrostatic pressure, then in the second approach, it was more comprehensive, analyzing the volumetric forces arising from the filtration flow within the dam body, as well as the pore pressure. Calculations were performed using the MIDAS GTS NX software. This program allows for the joint assessment of the stress-strain state (SSS) of the soil and filtration processes, increasing the reliability of the modeling results. The Mohr-Coulomb model, widely used in geotechnics, served as the basis for describing the physical and mechanical properties of the soil.
INTRODUCTION
In recent years, the requirements for the stability and safety of hydraulic structures, in particular, earth dams, have been increasing. Natural disasters, fluctuations in water levels, filtration processes, and other external influences significantly affect the stability of dams. Accurate assessment of the stress-strain state of such structures is a key factor in their reliable design and safe operation. Filtration processes, external loads, and the maximum water level have a particularly significant impact on the dam's stability. Conducting a comprehensive analysis based on reliable mathematical models, taking these factors into account, is one of the main conditions for ensuring safety in engineering.
The first scientific ideas about water movement in the soil body were developed by Henry Darcy in the 18th century [1]. He was a French engineer who conducted research on water passage through soil and developed Darcy's law, named after him. Darcy’s Law describes how water moves through saturated soil and is the foundation of hydrogeology and soil physics.
By 1931, the American scientist L.A. Richards [2] developed the basic mathematical model for describing the movement of water in an unsaturated soil. In this model, it is determined how water moves under non-saturated conditions depending on the water potential in the soil and the water movement.
 In works [3-5], the properties of soils, hydraulics, stability analysis, construction practices, soil permeability, filtration processes in dam structures, and factors affecting dam safety are described in detail.
In work [6] one of the main contributions to the study of soil physics and hydrology, especially to the modeling of unmoistened soils, was the Van Genuchten model, which proposed an empirical equation for predicting the hydraulic permeability of unmoistened soils based on groundwater pressure and saturation.
In the work [7], a simple method for determining the hydraulic permeability of unsaturated soil using moisture retention data is presented. By integrating the soil water retention curves with theoretical dependencies, the method allows for effective assessment of permeability without extensive experiments.
In the work [8], the importance of accurate forecasting models for determining the unsaturated hydraulic permeability (K) from groundwater retention data is emphasized, in which empirical expressions for describing the water retention curve are considered and a five-parameter equation adapted to different soil types is applied.
The works [9,10] are devoted to the models of soil deformation prone to moisture. It was observed that the degree of soil moisture influences its stress-strain state. The study demonstrated on mathematical models how the physical and mechanical properties of loess soils, including density and volumetric compression modulus, change depending on moisture content.
In the works [11,12], measures for planning construction work and preventing their deformation are considered based on soils that lose their volume and settle when saturated with water and tend to expand. In addition, technical solutions, experimental results, and methods that allow such soils to be strong and durable are presented.
[13] investigated the relationship between Gardner and Van Genuchten-Muallem models when describing relative water permeability in soil. He proposed new formulas and successfully applied them at an average saturation level.
The article [14] discusses the issues of determining filtration processes and operational parameters of phosphogypsum sludge storage facilities. The authors analyzed the physicochemical properties of phosphogypsum sludge and studied their influence on the filtration process.
[15] several laboratory models were created, in which the central clay core and various sizes and shapes of the lower horizontal filter were used. Models were tested on a hydraulic flume, and parameters such as filtration flow, pore pressure, and dam stability were analyzed.
The works [16,18] show the determination of filtration processes in dams using the finite element method. The water flow rate, material permeability, pressure impact, and erosion risk were analyzed, and the dam's hazardous zones were identified. Methods for reducing filtration by comparing different materials and design solutions have been proposed.
In the work [17], the stress-strain state of earth dams associated with filtration was studied. The authors analyzed the influence of water flow in the dam structure on mechanical stresses and deformations through mathematical modeling. It has been shown how filtration processes affect the strength and stability of the dam material, as well as the occurrence of critical deformation zones.
In the work [19], the issues of modeling the stress-strain state of earth dams, taking into account non-uniform states, are considered. In the work [20], three-dimensional states of earth dams were analyzed, and it was shown that the interactions between structural elements are an important factor determining stability. In the work [21-24], the deformation state and strength characteristics of earth dams under static loads were studied, and the main parameters influencing stability were determined.
Materials and methods
The model of the projected Kizilsay earth dam is considered to evaluate the SSS of earth dams taking into account the structural heterogeneous feature of the structure under the action of mass forces, hydrostatic water pressure.
During the construction of the dam, it was established that the physical and mechanical characteristics of the soil in the supporting prisms and core, according to the project, should be as follows:
- dam height 83 m, dam crest width 10 m, upstream slope m1= 2.5 m, downstream slope m2=2.1 m.
- modulus of elasticity of the soil in the supporting prisms E=3100 kgf/cm2, specific weight γ=2.0 t/m3, Poisson's ratio ν=0.30, soil coefficient of adhesion C=0.5, angle of internal friction φ=36°.
- modulus of elasticity of soil in the core E=2780 kgf/cm2, specific weight γ=1.8 t/m3, Poisson's ratio ν=0.37, soil coefficient of adhesion C=0.5, angle of internal friction φ=16°.
To build a mathematical model of the inhomogeneous soil dam Kizilsay in the state of plane deformation, we consider a deformable solid body (Fig. 1) occupying the volume S=S1+S2+S3, interacting with the water medium in the reservoir.
This inhomogeneous system occupying the volume S represents the model of the Kizilsay earth dam. Here S1, S3 are the dam support prisms and S2 is the dam core. The lower part ∑u of the earth dam (Fig. 1) is considered as absolutely rigidly fixed to the foundation. To ensure continuity of deformations and stresses at the boundaries of regio
ns S1, S2, S3, we use "continuity conditions".
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FIGURE 1. Flat model of the ground dam of the Kizilsay reservoir
It is required to determine the field of displacements, deformations and stresses occurring in the inhomogeneous plane-deformable system S (Fig. 1), which is under the influence of forceps and. Here L is the cross-sectional length of the dam base; b is the width of the dam crest; m1is the upstream slope; m2 is the downstream slope; m1yad, m2yad represent the slopes of the dam core.
To model the deformation process occurring in the system (Fig. 1), the variational equation and kinematic boundary condition based on the principle of possible displacements, according to which the sum of virtual work done by active forces is zero, is used, namely [7, 33]:

		(1)

		(2)
Here , ,  are the components of displacement vectors, strain and stress tensors, respectively; ,  are the isochronal variation of displacements and strains; is the vector of mass forces; p is the hydrostatic pressure of water acting on the surface  - denotes the depth of the point of the dam pressure surface from the water level; 
- components of the displacement vector of the dam points;  -coordinates of the dam points; when solving the plane problem, indices i, j take values i, j=1,2. 
In the variational equation (1.1), the following generalised Hooke's law [7,33] is used for mutual expression of stress and strain tensors reflecting physical and mechanical properties of the material in each part of the system:

		(3)
Here σx, σy and τxy are normal and tangential stresses, μ, λ are Lame constants:


The relationship between strain tensors and displacement vectors is expressed by the following Cauchy relations

		(4)
Here , and are the relative linear and angular strain.
Using the mathematical model (1.1) - (1.4) it is required to determine the displacement vector  , strain tensors and stress tensors , occurring  at arbitrary points of the earth dam, satisfying the variational equation (1.1) and relations (1.3), (1.4) at any possible displacements, taking into account kinematic conditions (1.2), being under the action of mass forces  and hydrostatic water pressure p
To solve this problem using the finite element method, a methodology, algorithm and computer programme have been developed, which are detailed in [42].
Results
In assessing the stress-strain state, a dam structure with a core located in the centre of the dam was considered (Fig.1). The stress components (σx, σy, τxy) arising under the dam's own weight are determined. Further, in determining the SSS (i.e : σx, σy, τxy) of the dam, in addition to the self-weight of the earth dam, the hydrostatic water pressure due to different filling of the reservoir is taken into account. According to the found values (σx, σy, τxy), isolines and isopoles of the uniform distribution of stress components over the body of the earth dam were constructed.

	[bookmark: _Hlk197000878][image: ]

	
(а) , MPa

	[image: ]

	
(b) , MPa

	[image: ]

	
(c) , MPa


FIGURE 2. Isolines of stress distribution, in the body of inhomogeneous Kizilsay soil dam under the influence of mass forces
From the obtained results (the results obtained under the action of mass forces only) it can be seen (Fig. 2a) that the maximum value of the normal horizontal compressive stress σx under the action of mass forces falls on the lower part of the dam with the central core (Fig. 2a), its value is - 0.65 MPa. In the lower part of the upper prism of the dam, which is connected to the base, this stress σx has a small positive value and creates conditions for bulging. This is due to the fact that the dam under the action of mass forces tends to displace the soil located in the lower part of the upstream slope of the dam. Since the slope is greater in the upper prism than in the lower prism, the area tending to be displaced occupies a much larger area in this prism than in the lower prism (Fig. 2 a).
If we analyse the isolines of the distribution of the normal compressive stress σy in the vertical direction (Fig. 2b), in the central core of the dam the value of this stress is -1.2 MPa and this stress occurs in the lowest part of the dam. The smallest value of this stress is distributed along the dam contour. At the same time, small values of this stress occur in the upper part of the core and along the contour of the dam, as there is no action of vertical external loads on these surfaces.
The results of the tangential stress τxy, shown in Fig. 2c, show that the distribution of this stress is significantly different compared to the two cases described above.
In a soil dam with a central core, the resulting tangential stresses are τmax= -0.2 and + 0.15 MPa. The differences of these stresses at the top and bottom of the dam are insignificantly different due to the small difference, due to the difference of slope coefficients (Fig.2c).
The results obtained under mass forces and hydrostatic water pressure alone are shown on Fig 3. The results of the distribution of stress component isolines (σx, σy, τxy) in the body of Kizilsay earth dam under the action of mass forces and hydrostatic water pressure obtained for a fully filled reservoir using the author's developed programmed and certified program package
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FIGURE 3. Isolines of stress components distribution in the body of the Kizilsay earth dam arising under the action of mass forces and hydrostatic water pressure for a fully filled reservoir: on the left (a,b,c) are the results obtained with the developed programme, on the right (d,e,f), the results obtained with the software
Discussion 
The analysis of these results (Fig. 3a) shows that the value of the horizontal maximum normal stress σx in the Kizilsay earth dam with a central core reaches -0.8 MPa. At that (Fig. 4). in the lower part of the upper prism of the dam, which is connected to the base, the positive value of the stress σx disappears, because the hydrostatic pressure creates the opposite stress. 
At the same time, the analysis of the distribution of σy over the dam body shows that the maximum value of the vertical normal stress σy is at the lower part of the dam centre, mainly on the side of the upper thrust prism, and its value is σy= -1.4 MPa (Fig. 3b). The lowest value of this stress is on the upper part of the lower thrust prism - in the zone from the base to 1/3 of the dam height and up to the top of the dam.
Analysis of the distribution of tangential stress τ ху over the dam body shows that its maximum value reaches up to 0.20 MPa (Fig. 3c). The almost symmetrical distribution of this stress disappears due to the action of hydrostatic pressures.
From the results obtained, it can be seen that the computer program developed by the author shows approximately the same result as the Midas GTS NX software. This once again confirms the correctness of the results that can be obtained using the developed mathematical model, computational algorithm and software.
Conclusions
1. With the help of the developed program on computer and licensed software isolines of uniformly distributed values of stress components (σx, σy, ху) are constructed and stress state of the designed Kizilsay earth dam is evaluated considering the effects of self-weight and hydrostatic water pressure.
2. It has been established that the maximum value of normal horizontal stress σx arising in the dam body with a central core under the action of mass forces is approximately σx= - 0,65 MPa (or - 650000 Pa) and it has been established that in this value of the slope of the upper slope in its lowest part a positive stress σx arises in a small area.
3. It has been established that under the action of mass forces and when the reservoir is completely filled, the maximum value of horizontal normal stress σx in the Kizilsay earth dam reaches -0.8 MPa. Under the action of hydrostatic water pressure, the resulting positive value σx in the lower part of the upstream slope disappears.
4. It is established that in the Kizilsay earth dam with a central core, the value of the maximum tangential stress under the combined action of mass forces and hydrostatic pressure is approximately τmax= 0.20 MPa, and, mainly, this value occurs in the parts of the dam connected to the base, as well as in the joints of the prism with the core.
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