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Abstract. This paper presents a mathematical model and algorithm to study the stress-strain state (SSS) of an earth dam with complex geometric parameters under static force, based on the Lagrange-D’Alembert variational principle and a volumetric model. Additionally, the volumetric analysis of the dam is investigated using Abaqus software, which takes into account the structure's features. The analysis shows that the SSS of the Dzhidalisay reservoir with complex geometric parameters under static loads should be analyzed using only volumetric models. The results obtained revealed that the SSS of each cross-section depends on the geometric parameters of the dam, the height, and the location of the selected cross-section. It was also found that the normal stresses within the dam body exhibit an approximately symmetrical pattern relative to the center of the dam core, and their magnitude increases from the top of the dam toward the base. It was determined that the value of vertical stresses decreases in the core and its surrounding areas, creating an “arch effect”. The occurrence of this mechanical phenomenon is explained by the fact that the dam core, transition zone, and supporting prisms are constructed from different types of soil.
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INTRODUCTION
Complex interaction states occur between the parts of earth-fill dams under their own weight. These interactions become more complicated due to dynamic loads from seismic effects and the location of dams in different topographical conditions. Studying the SSS of earth-fill dams is a complex volumetric problem in the mechanics of continuous media. It requires considering the three-dimensional behavior of the structures and the variability of soil properties. Currently, in zones of high seismic activity, the SSS of these unique structures with complex geometric parameters and dimensions is generally studied using two-dimensional computational schemes during the design process. However, existing scientific data indicate the necessity of studying these structures under static and dynamic loads using three-dimensional volumetric models.
Numerous scientific studies [2–11] have been conducted by various authors using different models to evaluate the dynamic behavior and investigate the SSS of earth-fill dams. These studies consider the structural characteristics of the dams and the nonlinear physical properties of soils.
The study conducted by Raskasov L.N. et al. [12] is dedicated to investigating the SSS of earth-fill dams under seismic impact with account for pore pressure.
Studies related to assessing the seismic risk of the dam under potential earthquake impacts are presented in reference  [13].
The analysis of slope stability under seismic impacts, considering the effect of excess pore pressure in solving a test problem using finite element modeling, is presented in [14].
An effective method for determining seismic stresses on the downstream slopes of high dams is analyzed in [15]. This method was developed based on the results of engineering-geological investigations, static and dynamic tests, and the slope stability analysis.
The seismic stability analysis of the downstream slope of an earth-fill dam located in Eastern India was conducted using pseudo-static and pseudo-dynamic methods [16]. Using these methods, the minimum values of the safety factor for the selected seismic zone in India were found to be 1.18 and 1.09, respectively.
In [17], the authors addressed the issue of dam risk assessment using probabilistic methods based on accelerogram records, taking into account different seismic zones. The research was conducted under conditions of peak ground acceleration and several periods of spectral accelerations corresponding to the fundamental vibration periods of the dam.
The dynamic behavior and seismic resistance of earth-fill dams under plane strain conditions were studied using the finite element method (FEM) [18]. In this study, changes in pore pressure were accounted for using a nonlinear material model.
A.R. Khoei, A.R. Azami, and S.M. Haeri [19] present the research on the application of the FEM in the earth-fill dam analysis, considering saturation and plastic properties in the article.
The effects of saturation conditions and hydrostatic pressure on inclined and vertical dam cores, as well as on slope stability in non-homogeneous earth-fill dams, are presented in the research conducted by F. Salmasi, R. Norouzi, and J. Abraham [20] using the finite element method. The results of the study show that an increase in the core inclination leads to greater water filtration and reduced slope stability.
Issues related to the stability of earth-fill dam slopes and research findings on plastic strains within dams are addressed in the following references: Afiri R. & Gabi S. [21], Amnyattalab J. & Rezaie H. [22], and Lan Qi, Qizhen Chen, Jiancheng Cai [23].
In the study by Mandal A. and Maity D. [24], a seismic analysis of the “dam–foundation” system is presented based on displacements using the FEM. Cone-shaped boundary conditions with locally non-reflecting characteristics were used to model the semi-infinite soil foundation. 
In the article by Ventrella C. and Pelecanos L. [25], the long-term (>25 years) deformation behavior of an earth-fill dam is analyzed using a nonlinear FEM. The authors showed that seasonal variations in the reservoir water level caused minor settlement in the upper part of the dam, while the majority of the overall settlement is attributed to soil consolidation. 
In the study by Smith T.D., Slyz R., Deaf C. et al. [26], a new method was developed to identify the similarity of the dynamic characteristics of a rock-fill dam by observing prototype and statistical curves. To test this method's effectiveness, the authors of the article analyzed the dynamic parameters of a medium-scale rock-fill dam because dynamic testing is rarely conducted on small and medium-sized earth-fill dams. 
The analysis of the conducted scientific studies shows that the stress-strain and dynamic behavior of dams constructed from local soils, considering their structural characteristics and actual performance of the structures, have not been sufficiently studied. This highlights the significant scientific interest and the need for further research in this area. 
Based on the above, it can be emphasized that developing a mathematical model and computational method for evaluating the SSS of earth-fill dams in volumetric conditions, considering their structural characteristics, topographic location, geometric dimensions, and material properties, is one of the pressing issues in the mechanics of continuous media. 
METHODOLOGY
Wе cօnsidеr a thrее-dimеnsiօnal mօdеl օf an еarth dam with cօmplеx gеօmеtry (Fig. 1), of vօlսmе V= V1+V2+V3 (V1, V3 and V2 - thе vօlսmе օf thе սppеr, lօwеr prism, and the cօrе). Thе arеa օf thе dam alօng thе basе and thе cօastal slօpе is rigidly fixed, and thе sսrfacеs 1, 2, 3  arе strеss-frее. Thе fօսndatiօn օf thе dam takеs intօ accօսnt thе tеrrain rеliеf, as wеll as thе linеar axis օf thе dam crеst օn angle α. Thе strսctսrе in qսеstiօn is սndеr thе inflսеncе օf its weight  .
[image: ]
FIGURE 1. Volumetric computational scheme of the earth-fill dam.
In Figսrе 1, L – is the ridgе lеngth; Lօ – the lօngitսdinal lеngth օf thе basе; b - the ridgе width; B0 – the width օf thе dam basе in the crօss-sеctiօn; m1 and m2 – are the slօpеs օf thе սppеr and lօwеr tails; m1cօrе and m2cօrе – are the slօpеs օf thе dam cօrе.
To mathematically formulate the problem, the principle of virtual displacements [5] was applied; therefore, the total work done by all active forces acting on the system under virtual displacements is zero:
      		             (1)
kinеmatic bօսndary cօnditiօns are:
	                               	  (2)
In describing the physical properties of the dam material, the stress-strain components relationship was defined as follows:
      	 	                                       (3)
and the Cauchy relations are:
               			                     (4)



Hеrе ,  - arе isօchrօnօսs variatiօns օf thе cօmpօnеnts օf thе displacеmеnt and strain tеnsօrs; , ,  - displacеmеnt vеctօrs, cօmpօnеnts օf strain and strеss tеnsօrs; - vеctօr օf mass fօrcеs;  and   arе thе Lamе cօnstants fօr thе n-th еlеmеnt օf thе dam; - vօlսmеtric dеfօrmatiօn; {ս1,ս2,ս3}={ս,v,w} - cօmpօnеnts օf thе displacеmеnt vеctօr օf a bօdy pօint; {x}={x1,x2,x3}={x,y,z}- cօօrdinatеs օf a bօdy pօint .
As a result of applying the FEM, the variational equations and relations (1)–(4) for the domains occupied by the volumetric system are reduced to a system of higher-order non-homogeneous algebraic equations equivalent to the above mathematical model:
 .               				   (5)
Hеrе: [K] is thе stiffnеss matrix fօr thе bօdy in qսеstiօn (Fig. 1); {ս} - thе rеqսirеd cօmpօnеnts օf thе displacеmеnt vеctօrs at thе nօdеs օf thе finitе еlеmеnt; {P} - cօmpօnеnts օf еxtеrnal mass fօrcеs acting օn thе nօdеs օf thе finitе еlеmеnt (body forces, etc.).
In solving the volumetric problems, the authors used a custom-developed computational program as well as the general-purpose Abaqus software.
RЕSՍLTS AND DISCՍSSIՕN
The article examines the volumetric behavior of the stress-strain state of the Jidalisai earth-fill dam, constructed in the Fergana Valley region, under the effect of static forces. Using the mathematical model, method, and algorithm presented above, the SSS is studied by considering the actual physical and mechanical properties of soils, structural characteristics, geometric parameters, and the curved axis of the dam. 
The body of the Jidalisai dam is composed of gravel, laid and compacted layer by layer. The upstream slope of the dam is covered with concrete at a thickness of t=20 cm. Jidalisai dam is H=62.8 m high with slօpе cօеfficiеnts m1=2.35, m2=2.1. The core (2) of the dam is made of loam soil. The width of the dam crest is b = 10 m, the length is L = 965 m, and the longitudinal length of the foundation is L0 = 364 m. 
The calculation results consist of the displacement vectors ս1, ս2, ս3 and the stress components 11, 22, 33, 12, 23, 31 for all points of the structure.
To facilitate the analysis of the obtained results, isofields of displacement components and stress tensors were constructed along the characteristic longitudinal and transverse sections of the Jidalisai dam. Additionally, sections “I-I” to “IV-IV” were selected along the longitudinal axis of the structure, and isofields of displacement components and stress tensors were constructed under the influence of the structure’s weight (see Figures 3–5). The results obtained for each section were thoroughly analyzed and compared.
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FIGURE 2. Layout scheme of the transverse sections along the X₃-axis of the Jidalisai dam.

The isofields of the uniformly distributed values of displacements u1 and u2 caused by the self-weight in the central transverse and longitudinal sections of the Jidalisai earth dam are presented in Figures 3 and 4.
The analysis of the results obtained (Fig.3a) shows that in section I-I, located 290 meters from the left bank of the Jidalisai earth dam, the values of horizontal displacement u1 increase toward the center of the upper and lower slopes of the dam.
In the dam core, horizontal displacements have the smallest values, while the largest values occur at the centers of the upper and lower supporting prisms. The magnitude of the displacements depends on the location of the points within the dam cross-section and the distance of the section from the riverbank.
The distribution of vertical displacements u2 within the dam body (Fig. 3b) shows that their values increase from the dam base toward the top. Significant values of u2 are observed in the upper and lower supporting prisms surrounding the upper part of the core.
In the examined cross-section, the height of the dam is H = 35.2 m. The minimum value of vertical displacements is observed near the foundation, and the distribution is nearly symmetrical to the core of the dam. 

	a) Ս1 in section I-I, m
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	a) Ս2 in section I-I, m
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	FIGURE 3. Isofields distribution of displacements under volumetric deformation for section I-I of the Jidalisai earth-fill dam under the influence of self-weight: a) u1 - horizontal displacement, b) u2 – vertical displacement.



In section II-II of the dam, the horizontal displacements u1 reach their minimum values in the core. The maximum values of horizontal displacement occur at the centers of the upper and lower support prisms. The displacements depend on the location of the points within the dam cross-section and the distance of the section from the riverbank (see Fig. 4a). The distribution of vertical displacements u2 within the dam body increases from the base of the dam toward its top section (see Fig. 4b). The highest values of u2 occur in both the upper and lower support prisms around the upper part of the core. In this section, the height of the dam is H = 62.8 m. The minimum vertical displacements occur near the foundation, and the distribution exhibits an almost symmetrical character to the core of the dam.



	a) Ս1 in section II-II, m
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	b) U2 in section II-II, m
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FIGURE 4. Isofield distribution of displacements under volumetric deformation for section I-I of the Jidalisai earth-fill dam under the influence of self-weight: a) u1 - horizontal displacement, b) u2 – vertical displacement.



In the next stage of the analysis, the stress state of the dam is studied in volumetric form. To conduct a detailed analysis of the results obtained from the transverse and longitudinal sections of the dam, isostress contours of the stress components 11, 22, and 12 were constructed.
Figure 5 shows the isostress contours of the ij stress components in section II-II, where the highest part of the dam is located.

	
а) ,  (х10-5  MPa) 
	
b) ,  (х10-5  MPa) 
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c) ,  (х10-5  MPa)
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	FIGURE 5. Isostress contours of the ij stress components in the II-II cross-section of the dam.



In the II-II cross-section of the Jidalisai earth dam, located 420 m from the left bank, the value of the 11 horizontal normal stresses formed in the dam body exhibits an approximately symmetrical pattern to the center of the dam core and increases from the top of the dam toward its foundation. The highest values of σ₁₁ occur in the central part of the dam foundation (see Fig. 5a). The values of 22 vertical stress increase from the top of the dam toward the foundation. In the dam core and its surrounding area, the stress decreases, creating an “arch” effect. It exhibits a symmetric character to the dam core (see Fig. 5b). The distribution of shear stress 12 throughout the dam body is also symmetric, and its value increases with distance from the core (see Fig. 5c). In the core and transition zones, it is almost zero. The values of the shear stresses depend on the location of the points within the dam cross-section, the height, and the distance of the section from the riverbank.
Based on the results obtained, it was concluded that to study the SSS of the Jidalisai earth dam under static forces and its complex geometric parameters, the investigation must be conducted using only volumetric models of the structure.
CՕNCLՍSIՕNS 
1. A mathematical model based on the Lagrange–D'Alembert variational principle was developed using volumetric calculation schemes to study the SSS of earth dams with complex geometric parameters, considering the actual operating conditions of the structure.
2. Using the developed model, algorithm, and the universal Abaqus software, the volumetric SSS of the Jidalisai dam under its self-weight was studied, considering the topographical relief of its location; significant mechanical effects were identified.
3. The analysis of the  results obtained shows that:
-  as the height of the Jidalisai earth dam increases, vertical displacements u2 at the upper part of the dam also rise. The maximum value of vertical displacements is observed at the highest section of the dam. It was determined that the deformation of each section depends on geometric parameters, height, and section location;
- different strain states are observed in each section of the dam:
- normal stresses 11 and 22 exhibit approximately symmetric behavior relative to the center of the dam core, and their values increase from the top of the dam towards its base. Additionally, the value of the vertical stress σ22 decreases in the core and its surrounding area, creating an “arch effect.” The occurrence of this mechanical phenomenon is explained by the fact that the dam core, transition zone, and supporting prisms are constructed from different types of soil.
- to study the SSS of the Jidalisai earth dam under static forces, considering its complex geometric parameters and uneven topographic relief, an analysis using a three-dimensional model of the structure should be conducted.
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Assessment of the Volumetric Stress State of the Jidalisai  Earth Dam   M .   Mirsaidov 1 , P .   Matkarimov 2 ,  a ) ,   D.  Juraev 3 ,   S .   Usmonkhu jayev 2   1 Natiоnal   Research University “Tashkent Institute of Irrigation and Agricultural Mechanization Engineers”,  Tashkent, Uzbekistan   2 Namangan State Technical University, Namangan, Uzbekistan   3 Institute  of   Mechanics and  Seismic Stability of Structures   named after M.T. Urazbaev,   Uzbekistan Academy of  Sciences,   Tashkent, Uzbekistan     a) Corresponding author: mpaxridin@gmail.com   Abstract .  This paper presents a mathematical model and algorithm to study the stress - strain state   (SSS)   of an earth   dam  with complex geometric parameters under static force, based on the Lagrange - D’Alembert variational principle and a  volumetric model. Additionally, the volumetric analysis of the dam is investigated using Abaqus software, which takes into  account the s tructure's features. The analysis shows that the  SSS  of the Dzhidalisay reservoir with complex geometric  parameters under static loads should be analyzed using only volumetric models.   The  results   obtained revealed that the  SSS   of each cross - section  depends   on the geometric parameters of the dam, the height ,   and  the  location of the selected cross - section.   It was also found that the normal stresses within the dam body exhibit an approximately symmetrical pattern  relative to the center of the dam core, and the ir magnitude increases from the top of the dam toward the base .   It was  determined that the value of vertical  stresses   decreases in the core and its surrounding areas, creating an  “ arch effect ”.   The  occurrence of this mechanical phenomenon is  explained by the fact that the dam core, transition zone, and supporting  prisms are constructed from different types of soil.   Keywords :  earth - fill dam, volumetric model, stress state, body forces,  strains,   stress isofields.   INTRODUCTION   Complex interaction   states occur between the parts of earth - fill dams under their own weight. These interactions  become more complicated due to dynamic loads from seismic effects and the location of dams in different  topographical conditions. Studying the SSS of earth - fill d ams is a complex volumetric problem in the mechanics of  continuous media. It requires considering the three - dimensional behavior of the structures and the variability of soil  properties. Currently, in zones of high seismic activity, the SSS of these unique   structures with complex geometric  parameters and dimensions is generally studied using two - dimensional computational schemes during the design  process. However, existing scientific data indicate the necessity of studying these structures under static and  dynamic  loads using three - dimensional volumetric models.   Numerous scientific studies [2 – 11]  have been   conducted by various authors   using different models   to evaluate the  dynamic behavior and investigate the  SSS   of earth - fill dams . These studies  consider   the structural characteristics of  the dams and the nonli near physical properties of  soils.   The study  conducted by  Raskasov L.N.  et al.   [12] is dedicated to   investigating the  SSS   of earth - fill dams under  seismic  impact   with   account  for  pore pressure.   Studies relate d to   assessing   the seismic risk of the dam under potential earthquake impacts are pr esented  in  reference    [13].   The analysis of slope stability und er seismic impacts, considering the effect of excess pore pressure in solving a  test problem using finite element modeling, is presented in [14].  

