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Abstract. Earth dams are the most commonly constructed type of dam worldwide. They are made from local materials, making them significantly more cost-effective than concrete dams. When designing earth dams situated in seismic zones, it is crucial to pay special attention to their structural integrity. Each earth dam has unique design specifications and location. The Charvak Dam, built in the Tashkent region, plays a vital role in supplying drinking water and electricity to the population. This article focuses on the dynamic analysis of the stress-strain behavior of earth dams under dynamic loads. A developed method for solving wave problems is employed to determine the stress-strain state of earth structures, specifically earth dams. The finite difference method is utilized to create an algorithm for solving problems, along with calculation formulas of the second-order accuracy in time and space. One of the key advantages of this method is its ability to implement complex nonlinear deformation models that account for structural changes and variations in soil moisture content. Using the Charvak Dam as a case study, the distribution of stresses across the dam's cross-section is determined considering its weight. Additionally, the dynamic response of the earth dam under seismic loads is analyzed numerically. The study quantifies the stress-strain state of the dam and tracks the changes in stresses, strains, and displacements at specific points within the dam over time.
Introduction
The potential for catastrophic consequences resulting from the failure of earth dams places a heightened demand on their reliability, which is reflected in relevant design standards. However, the processes that determine the performance of an earth dam built on natural foundations are still not sufficiently studied. Numerous scientists have conducted research on the strength, deformation and stability of earth dams under the influence of dynamic and static forces [1-15]. Predicting changes in stress and strain within earth dams due to various loads—such as the self-weight of the soil, water pressure, and seismic impacts—relies on understanding the soil's deformability and strength under stress conditions. The distribution of stress and strain is significantly influenced by the physical and mechanical properties of the soil within the dam body and its foundation, as well as by the geometric parameters of the structure, fluctuations in reservoir levels, seismic impacts, and other factors. Numerical methods are employed to assess the stress-strain state of dams. The design justification for the strength of an earth dam must be based on conditions that prevent ultimate limit states. Additionally, stress and strain values should be determined through an analysis of various parameters, including the results of stress-strain state calculations for the earth dam. This article aims to develop a method for analyzing the dynamic behavior of earth dams using the principles of the mechanics of deformable rigid bodies and to provide justification for this approach.
PROBLEM STATEMENT AND SOLUTION
We consider earth dams built on a rigid foundation (see Fig. 1). If the length of the dam is significantly greater than its width and height, its motion can be treated as a plane-strain problem. When seismic forces are applied to the foundations of earth dams (see Fig. 2), the particles within the dam's material begin to move. The equation of motion for an earth dam is as follows:

		()
Here, х, у   are the particle velocities in the x and y directions; Sxx, Sуу, xy  are the deviator stress components; ρ is the density of the medium; P is the pressure.
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FIGURE 1.  Cross-section of an earth dam



FIGURE 2. Velocigrams recorded during the earthquake at the base of the Charvak Dam

Naturally, the total stresses are determined by the following formulas:



	           	()
The dam deformation model is taken in the form of nonlinear equations:

		()


	      	()


	            	()
The general dependence of the ultimate strength vs pressure in the generalized von Mises condition has the following form:

		()

	,	()
Here, K and G are the bulk compression and shear moduli, respectively; V=ρ0/ρ is the relative volume; Y0 is the cohesion; μ is the friction coefficient; YPL is the ultimate shear strength of the rock fill;   is the functional defined by the following formulas:



	         	()
It is necessary to add to the system of equations (1)–(7) the relations linking the components of the strain rates with the mass velocities. The soil continuity equation has the following form:



	 ,     ,   	()

	..	()
Consider the mechanical parameters of soil as functions depending on the moisture content in the following form:

		()

		()

		()


	      	()

		()
Here, Ksat  is the modulus of volume compression, Gsat is the modulus of shear, csat  is the cohesion force, μsat- is the coefficient of the angle of internal friction of completely saturated soil. IW is the parameter of the extent of soil moisture content; W is the current soil moisture content; Wsat  is the moisture content corresponding to complete water saturation.
Thus, the system of differential equations (1)–(15) is closed and, with initial and boundary conditions, describes the pattern of dynamic behavior and stress-strain state of an earth dam. The slopes and crest of the dam are assumed to be stress-free. The initial conditions are assumed to be zero.
The geometric dimensions of the earth dam are: height – 168 m, upper section width – 12 m, lower section width – 664 m, upper slope – 1:2, lower slope – 1:1.9, central core widths – 110 and 12 m. The following physical and mechanical parameters of the earth dam were taken: for the slope: the density - 1980 kg/m3, the modulus of elasticity -Edam=6210 MPa, the Poisson's ratio - νdam=0.3. The slope strength indicators (cohesion, friction coefficient, ultimate shear strength) were Y0=µ/800, µ=0.4,   Ydam=20Y0 . For the core: the density - 1760 kg/m3; the modulus of elasticity - Ecore=3105 MPa; the Poisson's ratio - νcore=0.3. The slope strength indicators (cohesion, friction coefficient, ultimate shear strength) were Y0=µ/1000, µ=0.3,  Ycore=20Y0.
RESULTS
We will consider numerical solutions to the dynamic problems posed, using the finite difference method and the scheme proposed by M. Wilkins for a quadrilateral mesh. In non-stationary problems, one independent variable—time (t) - is particularly important. Discretization of the problem with respect to this variable means that the calculation is performed with discrete time steps, each representing the transition from the state at time t0 to the state at time t0 + Δt. The advantage of Wilkins' scheme is that the time step Δt is automatically determined during the calculation process based on stability and accuracy, allowing it to be adjusted as needed.
To solve the static problem, we used the Plaxis 2D program, which is based on the finite element method. In this case, the water pressure and moisture content of the earth dam were taken into account.
For the dynamic forces, we applied harmonic forces. When a harmonic load is applied to the foundation of an earth dam, it causes movement in the particles within the dam body, resulting in deformation of the soil inside the dam.
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FIGURE 3. Change in horizontal (a) and vertical (b) stresses over time.
The blue line is point A, the green line is point B, the black line is point C, and the red line is point D.
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FIGURE 4. Isolines of horizontal displacements on the cross-section of the dam
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FIGURE 5. Horizontal displacement diagram in the middle of an earth dam
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FIGURE 6.  Isolines of vertical displacements of an earth dam on the cross-section of the dam
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FIGURE 7. Vertical displacement diagram at the middle of an earth dam
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FIGURE 8.  Isolines of vertical stresses of an earth dam on the cross-section of the dam
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FIGURE 9.  Vertical stress diagram at the middle of an earth dam
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FIGURE 10.  Horizontal stress diagram at the middle of an earth dam

Analysis of results
Figure 3 shows the change in horizontal and vertical stresses over time in the cross-section of an earth dam under the action of seismic forces. In this figure, the blue, green, black, and red curves represent stress changes at points A, B, C, and D, respectively. Analyzing these figures, we can conclude that the greatest horizontal and vertical stresses occur at the lowest point, point D, i.e., the highest horizontal stress is -2 MPa, and the highest vertical stress is -3.6 MPa. 
The contour line illustrating horizontal displacements in the cross-section of the earth dam is presented in Figure 4. The maximum-recorded horizontal displacement was 10.2 mm. Figure 5 displays the horizontal displacement diagram for the center of the earth dam. This horizontal displacement shifts to the right due to the water pressure from the left. In the center of the earth dam, the displacement increases from the bottom to the top, starting at zero at the bottom and reaching its maximum value at the very top. Figure 6 depicts the contour line of vertical displacements in the cross-section of the earth dam. The greatest vertical displacement of the earth dam is observed at the crest of the upper section, measuring -40.1 mm. Figure 7 illustrates the vertical displacements in the middle of the earth dam, indicating that the settlement at the base is zero, while the maximum displacement occurs in the upper section. Figure 8 presents the contour lines of vertical stresses in the cross-section of the earth dam. This figure shows that the highest vertical stress is located in the central lower part of the dam. Notably, the stress values on the slope above the water level and the right slope are zero. In Figure 9, the diagram of vertical stresses in the middle of the earth dam indicates that the maximum vertical stress is also zero, and the lower part exhibits a significant stress value of -3.09 MPa. Figure 10 illustrates the diagram of horizontal stresses in the middle of the earth dam. Here, we can conclude that the maximum value of vertical stress is zero, and, at the very bottom, it has a high value of -2.05 MPa.
CONCLUSION
· The stress-strain state of the Charvak earth dam was evaluated under seismic loading, considering the moisture content of the dam material along with water pressure and the dam’s weight. 
· Changes in horizontal and vertical stresses at key points of the dam were analyzed in response to seismic action.
· The static problem of the earth dam was addressed, resulting in the creation of isolines and diagrams that represent displacement and stress components, taking into account the moisture content of the dam material and water pressure.  
· Analysis of the generated graphs, which account for water pressure, indicates that the greatest vertical displacements occurred at the top of the dam, with vertical stresses reaching -40.1 mm and horizontal stresses measuring 10.2 mm.
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