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Abstract. Globally, earth dams represent the most frequent type of dam construction. Their reliance on readily available, native materials results in a much lower cost compared to concrete dams. Ensuring the structural integrity of earth dams is of utmost importance in seismic areas. Every earth dam is characterized by its own specific design parameters and geographical setting. Essential for the Tashkent region's inhabitants, the Akhangaran Dam is instrumental in delivering drinking water and generating electricity. The present article is dedicated to the dynamic analysis of the stress-strain response of earth dams when subjected to seismic loads. To understand the behavior of earth dams, the study uses a developed method for solving wave equations to determine their stress-strain conditions. An algorithm is developed using the finite difference method. This algorithm is designed to solve problems and employs computational formulas that achieve second-order accuracy in both temporal and spatial dimensions. This method excels because it can handle intricate, non-linear models. These models can accurately represent how a structure changes and how soil conditions, like moisture content, fluctuate. The behavior of an earth dam during an earthquake is the subject of a numerical study. Through this research, the stress-strain state of the dam is quantified, and the temporal change of stresses, strains, and displacements at defined locations is tracked.
Introduction
The significant threat of catastrophic events from earth dam malfunctions drives a greater need for their dependable operation, which is then translated into the relevant design standards. The operational characteristics of earth dams situated on natural foundations are not yet thoroughly investigated. Investigations into the strength, deformation, and stability of earth dams have been carried out by many scientists, considering the effects of static and dynamic forces [1-10]. Predicting stress and strain variations in earth dams caused by loads such as soil weight, water pressure, and seismic events requires knowledge of the soil’s deformability and strength characteristics. The physical and mechanical properties of the soil within the dam body and its foundation influences to distribution of stress and strain is significantly, considering the structure’s geometric properties, along with variations in reservoir water levels, seismic activity, and other influences. The stress and strain within dams are evaluated using numerical simulations. The structural integrity of an earthen dam must be proven by demonstrating its ability to withstand conditions that would lead to catastrophic failure. An analysis of the earth dam’s stress-strain behavior will provide the necessary stress and strain values The paper’s purpose is to outline a method for studying the dynamic response of earth dams, based on principles of the mechanics of deformable rigid bodies.
PROBLEM STATEMENT AND SOLUTION
We are looking at earth dams that are built on a rigid foundation. (Fig. 1). In cases where the dam’s length is substantially greater than its width and height, its dynamic behavior can be considered as a plane-strain problem. If seismic load forces act on the base of an earth dam (Fig. 2), movement commences inside the dam’s substance. The earth dam's equation of motion is:

		()
This describes the movement of particles, where х represents their speed in the horizontal direction (x-axis) and у represents their speed in the vertical direction (y-axis). Sxx, Sуу, and xy  represent the deviatoric stress components; ρ is the density; P is the pressure.
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FIGURE 1. A cross cutaway of earth dam


FIGURE 2. Seismological velocity recordings obtained at the Akhangaran Dam’s toe during the earthquake
The total stresses are given by the following equations:



	           	()
Earth dam deformation is modeled with nonlinear equations:

		()


	      	()


	            	()
The relationship between ultimate strength and pressure, as described by the generalized von Mises condition, is expressed as follows:

		()

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



	         	()
The equations (1) through (7) need to be add with equations that connect the strain rate components to the mass velocities. The equation describing soil continuity is:



	 ,     ,   	()

	..	()
The mechanical parameters of the soil are to be considered as functions of moisture content, formulated as:

		()

		()

		()


	      	()

		()
Here, Ksat represents the bulk modulus, Gsat denotes the shear modulus, csat signifies the cohesion, and μsat - is the coefficient related to the angle of internal friction from fully saturated soil. The extent of soil moisture content is indicated by IW. W is the current moisture level, and Wsat is the moisture content at full saturation.
Consequently, the set of differential equations, numbered (1) through (15), forms a complete system. When supplemented with initial and boundary conditions, it accurately describes the the stress-strain characteristics of an earth dam. The dam's surface is stress-free. Initial conditions are set to zero.
The earth dam is characterized by the following measurements: It stands 110 meters tall. The top of the dam is 10 meters wide, while the base spans 680 meters. The sides slope at a rate of 1:2 on the upper portion and 1:1.9 on the lower portion. A central core within the dam has widths of 110 meters and 12 meters. The following physical and mechanical parameters of the earth dam were taken: for the slope: the density - 2100 kg/m3, the modulus of elasticity -Edam=4000 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 - 1780 kg/m3; the modulus of elasticity - Ecore=2000 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
Numerical solutions for the dynamic problems will be obtained using the finite difference method, specifically the quadrilateral mesh scheme of M.Wilkins. In non-stationary problems, In dynamic scenarios, time (t) plays a significant role as an independent variable. Discretizing this variable means calculations occur in discrete time steps, each representing the state change from t0 to t0 + Δt. Wilkins’ scheme’s advantage lies in its self-adjusting time step (Δt), which is determined by stability and accuracy needs during computation. 
The static problem was solved using Plaxis 2D, a finite element method program, considering water pressure and the earth dam’s moisture content.
Seismic forces were employed to represent dynamic forces. Seismic loading at the foundation of an earth dam generates particle movement and soil deformation within the dam.


a)  b)  
The red line is point A, the green line is point B, the blue line is point C, and the black line is point D.
FIGURE 3. Change in horizontal (a) and vertical (b) stresses by time


a) b)
The red line is point A, the green line is point B, the blue line is point C, and the black line is point D.
FIGURE 4. Change in horizontal (a) and vertical (b) displacement by time
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FIGURE 5. Vertical displacements on the of the dam
[image: ]
FIGURE 6. Vertical displacement diagram in the middle of an earth dam
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FIGURE 7.  Horizontal displacements of the dam
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FIGURE 8. Horizontal displacement diagram at the middle of an earth dam
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FIGURE 9. Vertical stresses of the dam
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FIGURE 10.  Vertical stress diagram at the middle of an earth dam
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FIGURE 11.  Horizontal stresses of the dam
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FIGURE 12. Horizontal stress diagram at the middle of an earth dam
Analysis of results
Changes in horizontal and vertical stresses over time in an earth dam's cross-section, due to seismic forces, are shown in Figure 3. The blue, green, black, and red curves in this figure denote stress changes at points A, B, C, and D, respectively. The figures lead us to the conclusion that the greatest horizontal and vertical stresses are found at the lowest point D. The highest horizontal stress is -1.2 MPa, and the highest vertical stress is -2.2 MPa. Changes in horizontal and vertical displacement over time in an earth dam's cross-section are shown in Figure 4. The maximum value of the vertical displacement occurs in the upper part of the dam, i.e., at point A.
Figure 5 shows the pattern of vertical displacement across the earth dam’s cross-section. The most significant downward vertical displacement, -0.024 m, is found at the top of the dam. Figure 6 details the vertical displacements within the dam’s central axis, revealing no settlement at the foundation while the upper section experiences the greatest displacement. Figure 7 presents the contour lines for horizontal displacements across the earth dam’s cross-section, with the largest recorded horizontal shift being 0.005 m. This figure also illustrates the horizontal displacement profile along the dam’s center, indicating a rightward displacement caused by water pressure from the left. Within the dam’s center, horizontal displacement escalates from the base upwards, beginning at zero at the bottom and reaching its peak at the very top. Figure 8 provides a graphical representation of vertical displacements along the dam’s central axis. The depicted figure demonstrates that the maximum value of vertical stress is situated in the central lower region of the dam. The stress values along the slope above the water level and the right slope are zero. In Figure 10, the representation of vertical stresses within the mid-section of the earth dam indicates that the maximum value of vertical stress is -2.41 MPa. Figure 11 presents the isolines of horizontal stresses within the cross-section of the earth dam. Subsequently, Figure 12 illustrates the diagram of horizontal stresses in the middle of the earth dam. From this analysis, it can be deduced that the maximum value of horizontal stress is -0.92 MPa is recorded at the bottom
CONCLUSION
The stress-strain behavior of the Akhangaran earth dam under seismic excitation was determined, factoring in moisture content, water pressure, and the dam's weight. 
Changes in horizontal and vertical stresses were observed and analyzed at significant points of the dam when subjected to seismic load.
A static and dynamic analysis were performed on the earth dam, generating isolines and diagrams that map displacement and stress components, while considering the effects of material moisture content and hydrostatic 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 -0.27 m and horizontal stresses measuring 0.08 m.
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