Investigation of the deformed state of the varzik earth dam under the action of self-weight
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Abstract. This scientific paper presents the computational scheme, mathematical model, and numerical algorithm for evaluating the deformation behavior of the Varzik earth dam—characterized by a complex geometrical configuration—under the action of self-weight within the conditions of plane strain. Using the PLAXIS 2D software package, which is widely applied in the construction and geotechnical engineering fields, numerical analyses were performed considering the complex structural features of the dam. The obtained results describing the deformed state of the dam are presented. Due to the inclined configuration of the core screen and the transition zone, as well as the presence of a tooth (key), a complex deformation pattern was observed in the upper supporting prism.
INTRODUCTION
In recent years, water scarcity has been escalating into a global challenge. In addressing this issue, the role of reservoirs is exceptionally significant, as dams constitute the primary structures in their construction. Considering this, hydraulic structures of various scales—constructed and operated in seismic regions—are required to remain reliable, safe, and stable under different types of loads (static, dynamic, and seismic). In particular, to ensure the strength and operational reliability of hydraulic structures subjected to hydraulic influences, it is essential to conduct extensive research on their static behavior, taking into account the mechanical properties of soils as well as the actual geometric configuration and structural characteristics of the structures.
According to general theoretical foundations presented in numerous scientific sources [1,2,3], the structural features of earth dams, their stability, and deformation processes have been extensively studied. Specifically, works [4,5] provide a comprehensive analysis of the theoretical bases of hydraulic structures, including strength-related issues of earth dams. The study in [6] describes the physical and mechanical properties of soils, their deformation behavior, and relevant methods of analysis within the framework of stress–strain theory.
The complex problem described above can be thoroughly and accurately solved using numerical methods such as the finite element method (FEM) or the finite difference method (FDM), while considering the actual geometric shape and structural parameters of earth dams [7,8]. Numerous researchers have investigated the stress–strain state (SSS) of earth dams based on structural features, geometric characteristics, and different computational models, providing corresponding conclusions [9,10].
In recent years, special attention has been given to the investigation of stress–strain behavior of earth dams under water pressure and self-weight using numerical software. In particular, studies presented in [11,12,13,14] modeled the deformation processes of earth dams subjected to hydraulic flow and pressure.
The analysis of scientific literature shows that the stress–strain state of earth dams has not been sufficiently studied considering their detailed structural characteristics and realistic working conditions, which highlights the scientific relevance of conducting research in this direction.
Based on the above, developing and substantiating mathematical models and computational methods for evaluating the stress–strain state of earth dams—considering their structural features, geometric dimensions, physical–mechanical properties of soils, and the geotechnical conditions of the region in which the structure is located—is one of the important and urgent problems of continuum mechanics.
EXPERIMENTAL RESEARCH
We examine the plane-strain model of the Varzik earth dam, which is located on an irregular terrain and has a total volume expressed as V=V1+V2+V3+V4 (Figure 1). In the figure, V1, V3 - represent the upper and lower supporting prisms, respectively; V2 - denotes the core screen, V4 - indicates the transition zone. The dam is assumed to be rigidly fixed along the foundation surface Σu. The surfaces Σ1, Σ3 corresponding to the upstream and downstream slopes, as well as the crest surface Σ2, are considered free from external loading. The analysis focuses on the plane-strain deformation state of the Varzik earth dam under the action of its self-weight.
[image: ]
FIGURE 1. Plane-strain model of the Varzik earth dam. Here: b – crest width of the dam; B0 – width of the dam foundation; m1 and m2 – slope coefficients of the upstream and downstream prisms; m1core and m2core – slope coefficients of the dam’s core screen.

To evaluate the processes occurring in the plane-strain system (Figure 1), we employ the following variational equation and boundary conditions based on the principle of possible displacements, wherein the sum of virtual work performed by active forces is equal to zero [1]:
	

	  (1)


The boundary conditions for the dam foundation are formulated as follows:
                                           	(2)
In this variational equation, the stress and strain tensors, which reflect the physical and mechanical properties of the material in each part of the system, are related to each other using the generalized Hooke’s law, i.e., [6]:
	
	  (3)


The relationship between the strain tensors and the displacement vectors is expressed through the following Cauchy relations:
	
	  (4)


[bookmark: _Hlk216778033][bookmark: _Hlk216778082][bookmark: _Hlk216778012]Here: , ,   are the components of the displacement vectors, strain tensors, and stress tensors, respectively; ,  represent the virtual variations of the displacement vectors and strain tensor components;  is the vector of body (mass) forces;  and  ​ are the elastic parameters of the n-th element of the dam;  – are the components of the displacement vector at a point in the dam;  are the coordinates of the dam points. In the plane-strain problem, the indices . 
In formulating this problem, for any virtual displacement , it is necessary to determine the unknown displacement and stress components in the dam body under the action of the external load vector   ​, which satisfy equations (1)–(4).
By applying the finite element method, the variational equations (1)–(4) and associated relations for the considered domains are reduced to a system of second-order, inhomogeneous algebraic equations equivalent to the mathematical model described above:
	
	  (5)


[bookmark: _Hlk216775523]Here,  is the stiffness matrix of the system (Figure 1), {u} represents the unknown displacements to be determined, and  denotes the external forces (including body forces, etc.). The plane-strain problem is solved using the PLAXIS 2D software package.
RESEARCH RESULTS
In this study, the deformation behavior of the Varzik earth dam, constructed in Chust district, Namangan region, was investigated under the action of its self-weight in a plane-strain condition. Using the previously described mathematical model, methodology, and algorithm, the deformation state of the dam was analyzed, taking into account the soil’s physical and mechanical properties, structural characteristics, complex geometric parameters, and the irregularity of the underlying terrain.
The Varzik earth dam studied in this research has supporting prisms V1 and V3 composed of gravel, compacted in layers. The upstream slope of the dam is covered with a 20 cm thick concrete layer. The dam core V2 consists of a sand–clay mixture (suglinka). Between the core and the lower supporting prism, a 3-meter-thick transition zone of sandy gravel was constructed. The maximum height of the dam is H=40 m and the slope coefficients of the supporting prisms are m1= 3,2 and m2 = 2,5. The crest width is b=10 meter, and the dam length is L=550 meter.
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FIGURE 2. Iso-contours of horizontal displacements u1 of the Varzik earth dam under self-weight:
 (a) homogeneous dam, (b) dam with core and transition zone

Numerical analysis allowed the determination of the horizontal u1 and vertical u2   displacement components for all points of the structure, and iso-contours of these displacements throughout the dam body were constructed. The study was initially conducted for a homogeneous dam and subsequently for the dam considering the core and transition zone. The results were compared, and appropriate conclusions were drawn.
Analysis of the results shows that, when the dam body is assumed to be made of a homogeneous material, the horizontal displacement u1 is zero at the symmetry axis of the dam body and reaches its maximum at the centers of the supporting prisms, decreasing with distance from the center (Figure 2a). Accounting for the core and transition zone significantly alters the state of the upper prism, resulting in a complex deformation pattern observed around the core and the key (tooth). Moreover, due to the influence of the core, the symmetry of the horizontal displacement u1 is lost, and the point where u1 approaches zero shifts toward the center of the lower supporting prism (Figure 2b). The presence of the dam key at the base of the upper prism further contributes to the complex deformation pattern of the structure.  The vertical displacements u2 along the dam cross-section increase proportionally with the dam height, reaching their maximum at the crest (Figure 3). Approaching the dam foundation, the displacement values gradually decrease and approach zero. If the dam foundation is uniform, the iso-contours are nearly symmetric. From Figure 3a, it can be observed that when the dam is made of a homogeneous material, the vertical displacement values exhibit symmetry.
A comparison of the results shown in Figures 3a and 3b demonstrates that the core and transition zone have a significant impact on the deformation behavior of the earth dam. In particular, accounting for the core and transition zone leads to a complex pattern of displacement iso-contours on the upstream slope, reflecting the non-uniform deformation state induced by the structural heterogeneity.
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FIGURE 3. Iso-contours of vertical displacements u2 along the cross-section of the Varzik earth dam under                    self-weight: (a) homogeneous dam, (b) dam with core and transition zone.
CONCLUSIONS
1. A two-dimensional mathematical model, computational method, and algorithm were developed to study the deformation behavior of earth dams with complex geometric parameters under the action of self-weight, considering heterogeneous (non-homogeneous) material properties.
2. The experimental findings showed that the continuation of the excessive larger percentage of lightweight aggregate below the optimal point causes the excessive increase in the cement intake in order to reach the desired mechanical strength at the expense of the technological efficiency and economic viability of the concrete.
3. The investigation revealed that the horizontal (u1) and vertical (u2) displacements within the dam body depend on the dam’s self-weight, the homogeneity or heterogeneity of the soil material, and that the presence of a core and a key (tooth) in the dam structure significantly affects the distribution pattern of vertical displacements (u2) along the cross-section.
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