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Abstract

:

The number of earth-rock dams and their failures are both the highest of all dam types. For a large number of dangerous situations, multi-angle and multi-level effective safety analysis is urgently required. In this paper, a series of studies on seepage and slope stability of the dangerous clay core dam with danger control and reinforcement (CCDDCR) are investigated by a proposed finite element analysis method. A verification process is finished for this proposed method. A new calculation model is proposed based on an iterative algorithm, and a successful example is then taken on. A reasonable conclusion is given based on the analysis of the three-dimensional finite element model of the dangerous CCDDCR. In view of the conventional concrete, the elastic modulus of the wall is higher, and large deformation and stress and concentration will appear under the water loading, which then affects the anti-seepage effect. Its purpose is to investigate the effect of diaphragm wall material in concrete with low elastic modulus on the anti-seepage wall and its significance in similar reinforcement engineering. The first tentative comparative analysis is taken on by this paper for slope stability analysis between the Lizheng method and FEM method. More useful conclusions can be drawn in future for reference in similar reinforcement projects.
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1. Introduction


In recent decades, many problems have arisen with dams due to their age and the use of outdated technology [1,2]. Many dams have fallen into disrepair and, as a result, have faced serious safety problems. Due to a lack of consideration of soil material specificity, earth-rock dams constructed with a low-technology approach have suffered from varying degrees of leakage, cracking, and so on. In order to allow such dangerous earth-rock dams to continue in operation, reinforcement measures are badly needed to restore dam body safety. Therefore, the analysis of reinforcement materials has become an important aspect of the reinforcement process. Concrete, which is widely used in all kinds of structures for its unique material character, was finally selected as a cheap reinforcement material. However, there has been little reinforcement analysis of the clay core with its low-elastic-modulus material [3,4,5]. With conventional concrete, the elastic modulus of the anti-seepage wall is higher under water loading. Large deformations and stress concentrations will occur. Cracks may be generated in the wall by tensile stress, thereby affecting the seepage effect. The importance of a low-elastic-modulus material for such a concrete reinforcement dam project is considered here. Furthermore, by considering different values of the elastic modulus for the anti-seepage wall of a practical project, the effect of low elastic modulus on the anti-seepage wall is studied [6,7,8]. Recently, 3D seepage numerical analyses have been performed, and hydraulic coupling analysis is used for the seepage stability of the dam [9,10]. In addition, it is necessary to consider related research into a number of reinforcement projects concerned with dangerous dams [11,12,13,14].



The research methods for the seepage calculation and analysis of an earth-rock dam mainly include: theoretical solution, physical simulation, and numerical simulation. Among them, the finite element method is one of the most widely used. The finite element method can be used to solve stable seepage and unstable seepage, and the two-dimensional and three-dimensional models can be processed. It can not only face the heterogeneity of the embankment foundation but also conduct research on the anisotropy. Therefore, the existing seepage calculation theory can basically meet the seepage analysis needs of similar embankment projects [15]. For seepage analysis in the case of free surface, it is mainly about the calculation method of the invariant grid, that is, it is studied in the fixed grid. The representative methods are virtual element method, the improved method proposed for three-dimensional problems, nonlinear stress analysis based on the residual flow method with the concept of initial stress, and the proposed initial flow method [16]; Neuman proposed the Galerkin method for fixed grid research, and Desai proposed the residual flow method [10,17].



The commonly used fixed grid methods mainly include: virtual element method, initial flow method, grid correction method, element permeability matrix adjustment method, residual flow method, node virtual flow method, etc.



	(1)

	
Virtual element method







The virtual element method is to calculate the intersection point between the free surface and the element boundary line through the node head value obtained in the last calculation and then move some nodes of the element across the free surface to make them fall at the intersection point [18]. The free surface divides the element into a real seepage area and a virtual area. The virtual area of seepage will not be involved in the next finite element calculation, and the calculation area of seepage will continue to approach the real area of seepage, and the result will also approach the true solution. When moving some nodes of the element across the free surface, the elements above the free surface do not participate in forming the penetration matrix. During the iteration process, as the free surface moves up, the iteration cannot continue. Therefore, the virtual element method is used to deal with elements with free surface crossing as the node moving path is difficult.



	(2)

	
Initial flow method







When the initial discharge method is used to calculate the initial discharge of nodes crossing the free surface element, the Gaussian points below the free surface will not be calculated. Therefore, the calculation accuracy will be affected [19].



	(3)

	
Grid correction method







Firstly, assume the position of the seepage-free surface and then take it as the calculation boundary [20]. When the water head value H of each node is obtained, verify whether the condition is satisfied. When the position of the free surface and the escape point cannot be adjusted, assign the calculated H to the new coordinate Z of the free surface, and then solve. According to this cycle, five or six iterations can obtain satisfactory results.



	(4)

	
Element permeability matrix adjustment method







The free surface divides the solution domain into two regions: one is in region A1 above the free surface, where the velocity at each point is zero; the other is in area A2 below the free surface, where each point has a velocity greater than zero. In order to reflect this phenomenon, the real permeability coefficient can be used in A2; on the contrary, the permeability coefficient k is 0 in A1 [21].



1.1. Proposed Calculation Model


1.1.1. Theoretical Model


A nonlinear elastic model is used based on an incremental generalized Hooke’s law. The model embodies a nonlinear relationship between strain and stress. It includes nine material parameters, all of which have specific physical significance and can be easily determined and used in numerical calculations. Duncan and Chang proposed a model for the relationship to obtain the tangent Poisson ratio. The tangent elastic modulus is expressed as:


   E t  =     1 −  R f      1 − sin φ      σ 1  −  σ 3      2 c cos φ + 2  σ 3  sin φ      2   E i  =     1 −  R f      1 − sin φ      σ 1  −  σ 3      2 c cos φ + 2  σ 3  sin φ      2  k  p a         σ 3     p a       n   



(1)




where c is the cohesion, φ is the friction angle, Rf is the break ratio, K is the magnitude of the initial elastic modulus, and n is the index of elastic modulus, Pa is the atmospheric pressure, K is the principal stress ratio, Ei is the initial elastic modulus, Et is the tangent elastic modulus, σ1 is the large principal stress, and σ3 is the small principal stress.



For a resilient modulus,


   E  u r   =  K  u r    p a         σ 3     p a         n      



(2)




where Kur is the unloading modulus. The final expression for the tangent Poisson ratio is:


    μ  t  =   G − F lg       σ  3      P  a             1 − A     2     



(3)




and


  A =      σ 1  −  σ 3    d      K   P  a          σ  3      P  a       n  ⋅   1 −     R  f    1 − sin φ      σ 1  −  σ 3      2 c ⋅ cos φ + 2  σ 3  sin φ            



(4)







In Equations (3) and (4), G is the initial Poisson ratio and F is the decrease rate of the initial Poisson ratio with the increase of    σ 3   . The parameters G and F can be obtained from triaxial tests, and d is the reciprocal of the incremental value for the assumed axial strain. lg is the logarithm with base 10 (the common logarithm), such as lg 10 = 1.



Thus, there are nine parameters for the model, K, n, Rf, c, φ, F, G, d and Kur, which can be obtained from a conventional triaxial specimen.



The shear strength mode of dam shell filling materials shall be linear. The expression is:


    (  σ 1  −  σ 3  )  f  = 2 ( c • cos ϕ +  σ 3  • sin ϕ ) /   1 − sin ϕ    



(5)







A linear elastic model is adopted for the rigid concrete cutoff walls and bedrock, and its shear strength can be approximately estimated by the following formula:


    (  σ 1  −  σ 3  )  f  = (  N f  − 1 )  σ 3  +  σ a   



(6)




where    σ a    is the compressive strength of unconfined pressure,    N f    is the flow value and generally taken as 2~3, which is defined as:


   N f  = t  g 2  (   45  0  + ϕ / 2 )  



(7)




tg is the abbreviation of tangent, mathematical trigonometric function.



The stress level of a linear material is defined as:


  S 𝓁 =         ( σ 1 − σ 3 )   ( σ 1 − σ 3 ) f             ( σ 3 ≥ 0 )       max (   σ 1   σ a   ,   σ 3   σ t   )           ( σ 3 < 0 )        



(8)




where:   σ t   is the uniaxial tensile strength of linear materials.



The contact surface between the cutoff wall and dam material is simulated by Duncan Clough’s hyperbolic contact element model.



The tangent shear stiffness reflecting the relationship between shear stress and relative displacement on the contact surface is:


  K s t = K s  γ ω    (    σ n    P a   )    n s      ( 1 −   τ .  R  f s      σ n  t g  δ s  + C s   )  2   



(9)




where:  τ ,    σ n   ,    R  f s    ,    δ s   ,   C s   are shear stress, normal stress, failure ratio, shear strength parameters on the contact surface, and controllable stress respectively.    γ ω    are water unit weight, while   K s   and    n s    are dimensionless coefficients. As the normal stiffness of the contact element compressed is taken as 108 kPa/m, the smallest value shall be taken during tension.



For the three-dimensional finite element models described above, it is given different material properties. From the results, the effect of the concrete diaphragm wall is very apparent in dilapidated earth-rock dam seepage prevention.



According to Darcy’s seepage law and flow continuity equation, the basic differential equation of stable seepage can be expressed as follows [22]:


   ∂  ∂ x   (  k x    ∂ H   ∂ x   ) +  ∂  ∂ y   (  k y    ∂ H   ∂ y   ) +  ∂  ∂ z   (  k z    ∂ H   ∂ z   ) = 0  



(10)







The expression of seepage energy in seepage area is [23]:


  I ( H ) =    ∭ Ω    1 2  [     ∂  ∂ x     (  k x    ∂ H   ∂ x   )  2  +  ∂  ∂ y     (  k y    ∂ H   ∂ y   )  2  +  ∂  ∂ z     (  k z    ∂ H   ∂ z   )  2  ] d x d y d z  



(11)







And both forms of the above two calculation equations are extremely close. It also indicates that consolidating the seepage calculation for the project is feasible.




1.1.2. Proposed Method


Based on the demand for seepage calculation and analysis of earth rock dam engineering with a unique core wall form, the seepage is calculated according to the principle of the virtual point method and is realized based on element birth and death technology. Firstly, the position of the phreatic line is assumed, and the iterative calculation is continued until the difference between the two iterations meets the limit. The phreatic line is analyzed, and the position of the escape point is found. Then, the total seepage flow is calculated.



Under similar boundary conditions, the seepage field can be analyzed through the thermal analysis module; however, it is more appropriate to use the birth and death element technology for the phreatic line problem, which requires secondary development. The seepage of an earth rock dam with a unique core form has a free surface, which is called saturated soil below the free surface and has a fixed permeability coefficient. The part above the free surface is considered not to participate in the seepage calculation. For the definite solution conditions, it is assumed that the normal seepage velocity of the phreatic line is zero. The idea of secondary development is: the position of the phreatic line is assumed, the downstream outlet of the earth rock dam project with a unique core wall form is continuously calculated according to the assumed boundary conditions, and then the tolerance is set. When the difference between the total head calculated twice meets the given tolerance, the calculation result will be obtained.



The calculation of free surface is one of the difficult problems in seepage analysis. The free surface of seepage is the boundary to be determined in the seepage field, which needs to meet both the first and second boundary conditions. In most current fixed grid methods, the calculation of determining the free surface is more complex and highly dependent. This paper proposes to use the local grid change method to analyze the hazard removal and reinforcement project of this unique core wall-type earth-rock dam project. The above method can not only simply change the grid of the old iteration to the grid required after the new iteration, but also use the body-fitted coordinate transformation technology to make the grid of each iteration process completely regenerate (Figure 1).



According to the above process, it is necessary to assume the outlet point position of the phreatic line, and use single-element birth and death technology to continuously “kill” the elements above the phreatic line; only the parts below the phreatic line participate in the calculation. It is always in the “live” state and continues to circulate until the tolerance is met.



According to the above ideas, the command flow for seepage analysis and calculation is prepared and verified by a practical example: assume that the dam height of the homogeneous earth dam under study is 20 m, the dam crest is 6 m wide, the bottom is 80 m wide, the upstream slope ratio is 1:1.5, and the downstream slope ratio is 1:2.2. The working condition is that the upstream water depth is 18 m, and the downstream water is free. See Table 1 for the relationship between the void pressure value and the permeability coefficient index.



Homogeneous dam refers to a dam that is composed of most of the dam body filled with homogeneous soil materials. The whole dam body of the homogeneous dam (except for the drainage facilities) is made of soil with low permeability. The pore water pressure dissipates slowly during the construction period, which is unfavorable to the settlement and stability of the dam body during the dam construction. Therefore, it is not suitable to use fat clay with a high clay content.



The reason for choosing the above homogeneous earth dam is that a consistent conclusion has been reached for the water conservancy project. Therefore, the basic realization could be used for justification of calculation results.



The relationship between void pressure and permeability coefficient, Table 1, can be used to qualitatively and quantitatively analyze the saturation of soil, which is of certain significance for macroscopic understanding of soil rock seepage. The finite element model of the homogeneous dam is built, which has 3312 elements and 3436 nodes. The calculation results are shown in Figure 2.



In Figure 3, the pressure head is zero, starting at the upstream water level of 18 m, and the flow line flowing out at the downstream slope nodes of 583, 584, 585, 586, 587, 588, 589, 590, 591, and 545 is called the phreatic line. The left end of this line marks the zero-water pressure point. The seepage calculation, analysis, and evaluation mainly depend on the pressure head in Figure 2. As the three very important factors of seepage, the range, trend, and saturation could be obtained based on Figure 2. Line A in Figure 2 is called the phreatic line. See Figure 3 for the total seepage flow and escape node numbers. The total seepage flow is 87,090 m3/d. Based on the basic seepage theory of the earth-rock dam, the dam is divided into multiple areas by a phreatic line for a homogeneous earth dam. The two endpoints of the phreatic line are the dividing points. Divided areas are consisted of upstream wedge, middle section and downstream wedge. The overall seepage state of the homogeneous dam is consistent with our calculation results. Therefore, according to the basic seepage theory of an earth-rock dam, the calculated results are reasonable and can be used to analyze the actual project.






2. Calculation


Finite Element Model


In order to study the dangerous CCDDCR behavior, a typical earth-rock dam is selected. The catchment area of the dam is 23.4 km2, and the valley is a wide “U” type, whose bottom width is about 60 m. The bottom elevation of the valley is 86 m. The reservoir area is located in the middle and low mountain areas, which are composed of gneisses and pyroclastic rocks. The normal pool level is 122.50 m. Based on the data of drilling and test, the dam is a clay core wall sand shell dam, with a height of 38.5 m. The crest elevation of the dam is 126.20 m, its crest length is 210.0 m, and the width of the dam is 5.0 m. The maximum width of the dam is 184.01 m. The parapet wall crest elevation, which is upstream, is 127.30 m. The materials division is shown as follows: the outer layer is sand gravel stratum, layer I; The maximum thickness is 9.85 m, distributed in the upstream and downstream surface of the dam; The middle is mud gravel soil clay (sandy loam) layer, layerII3; The inner core is layer II2 and maximum thickness of it is 41.40 m; Layer III foundation contains mud, sand, eggs, and gravel soil, with a thickness of 2.6 m to 5.0 m, mainly distributed in 85.0~90.0 m elevation; Layer IV is for concrete cutoff wall with the thickness of 0.8 m. The model is using holistic modeling, and the mesh model of separated forms 28,407 solid elements in total. The model is shown in Figure 4, Figure 5, Figure 6 and Figure 7.



The mesh model is discretized into 29,523 solid elements with different material properties. The area and meshes of this model are divided from top to bottom, front to back, and inside to outside according to the dam foundation, front, back, cutoff-wall, and other parts.





3. Seepage Analysis


For the three-dimensional finite element model, the characteristics of the different materials are listed in Table 2.



The phenomenon of water flowing into soil pores is called seepage. The existing states of water in soil include gaseous water, adherent water, membrane water, capillary water, and gravity water, of which gravity water is the object of seepage theory research.



Seepage mainly refers to the flow of fluid in porous media. For groundwater, the flow of water in pores and fractures is a specific seepage example. The space area occupied by seepage flow is called the seepage field. Seepage is divided into saturated seepage and unsaturated seepage; seepage can be divided into stable seepage and unstable seepage according to whether the water head, hydraulic gradient, and other indicators change with time. Saturated seepage refers to seepage in a saturated zone, and seepage in an unsaturated zone is called unsaturated seepage. As long as one of these characterization parameters changes with time, it is called unstable seepage. Equation (10) is used for stable seepage, while Equation (11) is for unstable seepage. On the contrary, when each basic element is independent of the time factor in the seepage process, it is called stable seepage. In the earth rock dam project, seepage mainly refers to the flow of water in the soil pores, but the size and shape of the soil pores are very irregular, so the flow of water in the soil pores is a very complex phenomenon.



The calculation was completed based on the above-proposed method. A checking water level of 125.12 m was chosen. The water pressure at the upstream surface of the dam was defined as a certain value, and that at the downstream surface was taken as zero. The base of the dam and the downstream surface were considered permeable boundaries. Dam foundation seepage is a typical form. A certain thickness of the permeable base of the dam was considered to truly reflect the actual project. The seepage results were also embodied at the base of the dam in Figure 8 and Figure 9.



From the result shown in Figure 10 and Figure 11, the maximum penetration ratio of the gravel is 0.12 (the allowed penetration is 0.15), the maximum penetration ratio of the dam core wall is 0.38 (the allowable penetration is 0.4) [24], the maximum penetration ratio of the cut-off wall is 16.2 (the allowed penetration ratio is 50); these were all less than the allowable penetration of the dam. Based on the above conclusion, there will not be seepage failure. The single wide seepage flow of the main dam is 0.52 m3/(m·d), which belongs to a small flow. The arrow of the velocity vector at the right side upper layer of the dam existed for direction guidance for the combing of vertical and horizontal water pressure for Figure 12.




4. Stability Analysis


In this program example, finite element analysis of slope stability is calculated by choosing upstream that designs the flood level which is 124.33 m and checks flood level which is 125.12 m. The bottom of the dam foundation and the left and right sides are fixed boundaries, and the dam surface is a free boundary. Calculation parameters are shown in Table 2. Calculation results are added to other conditions (seepage results of pore water pressure). Comparative results are shown in Table 3.



Figure 13 and Table 4 show that: (1) for the calculation of “design flood level” and “check flood level” by Li Zheng software, the safety factor does not change. So the calculation of the Li Zheng software is not sensitive when the water level does not change significantly. However, FEM software analysis results are more reasonable; (2) considering the osmotic pressure, the calculation result of Li Zheng software is less than that of the FEM software, probably due to the fact that the Li Zheng calculation is based on the conventional limit equilibrium method, which only considers the structure gravity without considering the impact of the dam stress. The stress on the dam is mostly compressive stress, which has a positive effect on the stability of the slope. So the safety factor based on the finite element analysis of FEM software is larger; (3) through the same software, comparing considering seepage with not considering seepage, the osmotic pressure shows a greater impact in the calculation results in the calculation of sliding stable safety factor and the presence of osmotic pressure reduces safety factor; (4) by calculating the results calculated with the FEM and Li Zheng, it is concluded that the FEM is reliable while the Li Zheng, used widely in practical engineering, is considered to be the basic and original reference. (5) finite element analysis of slope stability does not need to make assumptions to part of the internal forces and the shape of slip surface, which makes the analysis research results of theoretical basis even tighter; and (6) the applications scheme of reinforcement is safe and reliable.




5. The Influence of Elastic Modulus to Concrete Diaphragm Wall


For the reason the diaphragm wall is located in the clay core wall of the original dam, the maximum depth is 41.80 m. When the conventional concrete is used and wall elastic modulus is higher, large deformation and stress concentration will occur under the water load. The tensile stress generated the wall cracks. Thereby it affects seepage effect. Due to the importance of low elastic modulus concrete in similar reinforcement projects, and the cutoff wall of this project subjects to change in the elastic modulus, so it is focused for different elastic modulus impacts on the cutoff wall for calculation and analysis. The analysis results are given as a reference for similar reinforcement projects. Parameters required for finite element calculation are adopted from similar projects at home and abroad. Similar material nonlinear stress-strain parameters use the Duncan-Chang nonlinear constitutive model with a total of eight model parameters, which can be determined by a conventional triaxial specimen. Dam and foundation material parameter values are selected based on geological drilling data. The calculation of material parameters is listed in Table 5.



The result is analyzed by comparing the SDAP software from the China Institute of Water Resources and Hydropower Research with FEM software under the case of check flood level, as shown in Table 6.



From SDAP software calculation results, the maximum tensile stress in the diaphragm wall is 0.92 MPa with the elastic modulus of 2500 MPa, respectively, while the maximum tensile stress in the diaphragm wall is 2.01 MPa with the elastic modulus of 5000 MPa, and it appears around 83.70 m elevation. In CCDDCR, the cutoff wall stress changes with the elastic modulus. When the elastic modulus is greater than 3000 MPa, the stress variation in the cutoff wall is significant. For this reason, less than 3000 MPa of elastic modulus is suggested. From Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12, it can be seen that the effect of a concrete anti-seepage wall with low-elastic-modulus material on seepage prevention in a reinforced earth–rock dam is clear. It can be concluded that this type of concrete material is appropriate for reducing seepage during the process of reinforcement.



Different analysis keys exist for different dam types. For the concrete dam, the deformation or stress is the key content, while the seepage is the most important factor for the earth-rock dam. Therefore, the seepage analysis is carried out in this paper. The seepage analysis also reflects the deformation and stress of the concrete wall. A large amount of seepage indicates a large area of deformation or stress.



There are many factors influencing the stability of earth-rock dams, including the structures made of soils and the concrete ones. For the structures of soils, the permeability coefficient is the most important factor, while the elastic modulus is the key for concrete structures. The cut-off wall composed of concrete is the research object of this paper. Therefore, the seepage situation of the earth-rock dam is analyzed based on the elastic modulus of the cut-off wall.




6. Conclusions


Based on the research on the dangerous CCDDCR behavior, a typical example is selected as the research object. A seepage calculation method by FEM was proposed, and a 3-D nonlinear finite element model was developed. Based on FEM software, the SDAP program, and Li Zheng software, the seepage, stability, and other reinforcement behaviors are evaluated and analyzed, allowing for more reasonable conclusions. The proposed FEM method is validated for a good application to handle the dangerous CCDDCR. The research is based on the diaphragm wall material’s low elastic modulus of concrete. Through a multi-group analysis, the influence law of the low elastic modulus of concrete materials on the cutoff wall is obtained to give reference to similar reinforcement projects.
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Figure 1. Proposed calculation model for Seepage. 
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Figure 2. Calculation result for seepage. 
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Figure 3. Downstream slope nodes. 
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Figure 4. Main dam body and the dam x-section. 
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Figure 5. 3D solid model of dam. 
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Figure 6. 3D solid model of dam body without bedrock. 
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Figure 7. 3D finite element model of dam. 
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Figure 8. Isograms of pressure head for the main dam though the common method. 
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Figure 9. Isograms of equipotential line for the main dam using the common method. 
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Figure 10. Isograms of pressure head for the main dam by the proposed method. 
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Figure 11. Seepage pressure contour map of the checking flood level by the proposed method. 
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Figure 12. Velocity vector diagram of the checking flood level by the proposed method. 
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Figure 13. The Maximum shear strain diagrams. 
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Table 1. Table of Relationship between Void Pressure Value and Permeability Coefficient Index.
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	Void Pressure Value M (unit: m)
	Permeability Coefficient Index D





	−10.00
	−4.20



	−9.00
	−3.80



	−8.00
	−3.10



	−7.00
	−2.70



	−6.00
	−2.300



	−5.00
	−2.20



	−4.00
	−1.50



	−3.00
	−1.30



	−2.00
	−8.10



	−1.00
	−4.20



	0.00
	0.00
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Table 2. Characteristics of the materials for the main dam.
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No.

	
Material

	
Permeability Coefficient/cm s−1






	
I

	
Sand-gravel stratum

	
0.5




	
II3

	
Pebbly silty clay

	
2.31 × 10−4




	
II2

	
Inner core (>110 m)

	
9.06 × 10−4




	
Inner core (<110 m)

	
1.07 × 10−4




	
III

	
Dam foundation

	
8.90 × 10−4




	
IV

	
Concrete anti-seepage wall

	
1.00 × 10−7
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Table 3. Material properties indicators of main dam.
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Material

	
Natural Unit Weight (kN/m3)

	
Saturated Unit Weigh (kN/m3)

	
Shear Strength




	
C (kPa)

	
φ (°)






	
Sandy gravel I

	
19.0

	
21.0

	
0

	
33




	
mud gravel soil clay II3

	
19.3

	
19.8

	
21.0

	
24.0




	
Core wall soil II2

	
19.6

	
19.85

	
21.0

	
24.0




	
Mud sandy gravel soil of dam foundation III

	
18.0

	
20.0

	
0

	
30°
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Table 4. Contrast Table of safety factor F.
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Working Conditions

	
Li Zheng Software with Seepage Pressure

	
FEM




	
Considering Osmotic Pressure

	
Without Considering Osmotic Pressure






	
Design flood level (124.33 m)

	
1.49

	
1.5375

	
1.7625




	
Check flood level (125.12 m)

	
1.49

	
1.5125

	
1.7375
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Table 5. The material parameter table of main dam.
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	Material No.
	γ
	K
	Kur
	n
	Rf
	c
	φ°
	K0
	G
	F
	d





	1
	18.3
	850
	1020
	0.40
	0.75
	0
	30
	0.47
	0.36
	0.16
	6.0



	2
	18.1
	210
	252
	0.60
	0.85
	21.0
	24
	0.72
	0.35
	0.10
	1.9



	3
	18.2
	950
	1140
	0.37
	0.72
	0
	28
	0.46
	0.37
	0.17
	6.0



	4
	10.8
	750
	900
	0.41
	0.75
	0
	30
	0.48
	0.35
	0.16
	6.0



	5
	8.7
	180
	216
	0.62
	0.85
	20.5
	24
	0.74
	0.34
	0.10
	1.9



	6
	10.7
	860
	1032
	0.36
	0.72
	0
	28
	0.47
	0.36
	0.17
	6.0



	7
	22.0
	10,000

15,000

20,000

30,000

50,000

80,000
	12,000

18,000

24,000

36,000

60,000

96,000
	0.00
	0.00
	500
	30
	0.00
	5000

7500

10,000

15,000

25,000

40,000
	0.00
	0.0







Notes: γ—unit weight, kN/m3; K0—the coefficient of earth pressure at rest; the unit of c is kN/m2; material number in the table as follows: 1—mud sandy gravel of dam foundation; 2—core wall clay of dam; 3—sandy gravel; 4—mud sandy gravel of dam foundation after soaking; 5—core wall clay of dam after soaking; 6—sandy gravel of dam after soaking; 7—concrete diaphragm wall (E = 1000 MPa, 1500 MPa, 2000 MPa, 3000 MPa, 5000 MPa, 8000 MPa).
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Table 6. Stress and strain calculation results table under different elastic modulus for main dam.
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Calculation Software

	
Elastic Modulus (MPa)

	
Maximum Compressive Stress (MPa)

	
Maximum Tension Stress (MPa)






	
SDAP

	
1000

	
0.95

	
0.21




	
1500

	
1.09

	
0.47




	
2000

	
1.28

	
0.76




	
2500

	
1.33

	
0.92




	
3000

	
1.49

	
1.09




	
5000

	
2.22

	
2.01




	
8000

	
3.12

	
2.43




	
FEM

	
1000

	
0.81

	
0.28




	
1500

	
0.88

	
0.41




	
2000

	
1.06

	
0.56




	
2500

	
1.14

	
0.74




	
3000

	
1.24

	
0.87




	
5000

	
2.10

	
1.87




	
8000

	
3.32

	
2.31
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