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Due to the existence of various uncertainties in the materials and modeling of
these structures, the quantification of these uncertainties requires sensitivity
analysis and reducing the number of variable parameters to reduce cost and
time in modeling. In this research, numerical analysis of Maku dam located in
West Azerbaijan province which is considered as a case study is performed
using FLAC2D software and the static response is obtained. The effect of
construction layers and the amount and shape of contours of stress and
displacement were compared and validated with previous researches. The 49
random variables (RVs) (of materials properties in the zones of the core, shell,
filter, drainage, alluvium and bedrock) was considered. By performing
sensitivity analysis and using the Tornado diagram, the number of variable
parameters is reduced and 18 important RVs were identified for the modeling
and analysis of the earth dam. The results showed that altering the dry density
(yq) of the shell causes a change of about 8% and altering the Poisson's ratio
(v) and also the modulus of elasticity (E) of the core leads to a change of about
7% in earth dams’ response. Finally, parameters of dry density (yq), Poisson's
ratio (v), modulus of elasticity (E) and internal friction angle (¢) were
identified as more sensitive parameters that have the greatest impact on the
response of earth dams.
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Figure 1. a) General cross section of Maku dam, b) FLAC2D mesh
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Table 1. Deterministic model’s materials properties (Shakouri et al., 2022)
Dry Density Elasticity Poisson's Ratio Cohesion Friction Porosity Hydraulic Conductivity

ID Zone kg/m® Pa - Pa Degree - m/s

1 Core 1,500 15E6 0.30 25E3 22 0.50 1.15E-8
2 Shell 1,600 125E6 0.25 200 40 0.30 7.00E-4
3 Filter 1,500 80E6 0.25 200 30 0.30 2.00E-4
4 Drainage 1,800 85E6 0.25 200 35 0.30 1.50E-3
4a Toe Drainage 1,800 85E6 0.25 5E3 35 0.30 1.00E-2
5 Grout Curtain 1,800 850E6 0.20 400E3 45 0.50 1.00E-9
6 Alluvium 1,800 450E6 0.25 35E3 33 0.45 1.50E-7
7 Bedrock 1,900 4,500E6 0.33 100E3 45 0.50 2.00E-8
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Figure 2. (a) Total Xdisp. (b) Total Ydisp. (c) Sxx (d) Syy contours for first impoundment stage

Table 2. Range of the dam body’s displacements for different layers of construction

Number of End of construction stage End of first impoundment stage
construction layers  Xdisp. (cm)  Ydisp. (cm)  Xdisp. (cm)  Total Xdisp. (cm)  Ydisp. (cm) Total Ydisp. (cm)
1 -6~4 -70~0 0~17 -1~17 -6~8 -70~0
3 -5~45 -55~0 0~16 0~18 -5~7 -60~0
9 -3.5~4 -45~0 0~17 0~18 -5~7 -45~0
10 -3.5~4 -44.5~0 0~17 0~18 -5~7 -44.5~0
15 -3.5~4 -44.3~0 0~17 0~18 -5~7 -44.3~0

5 (2021) Shahkarami et al. «(2017) Rashidi et al. cllas wlolp a5 sad o ol 1) Sl o
Ob Callas dlie S50 b o oS S a5 cdl o yles o (2022) Shahkarami et al.



AV OliRa 5 555500 35 / (55To s (5390 delllo) ST (sl (gl Jto 43 Conlad o (5 jlus 08 (51t Sl ol

(b)

Figure 3. (a) Phreatic line diagram (b) Contours of pore water pressure for first impoundment stage
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Table 3. Selected RVs for uncertainty quantification (Shakouri et al., 2022)

RVs Zone/Property Symbol Unit Mean CoV Truncation
1 Core/Dry Density Vi kg/m3 1,500 0.07 [1,300 1,800]
2 Shell/Dry Density Yas kg/m? 1,600 0.07 [1,400 1,900]
3 Filter/Dry Density Yo kg/m® 1,500 0.07 [1,300 1,900]
4 Drainage/Dry Density Vd.d kg/m?® 1,800 0.07 [1,400 2,000]
5 Core/Elasticity Ec Pa 15E6 0.40 [8E6 50E6]
6 Shell/Elasticity Es Pa 125E6 0.40 [40E6 200E6]
7 Drainage/Elasticity Eq Pa 85E6 0.40 [40E6 200E6]
8 Alluvium/Elasticity Ea Pa 450E6 0.40 [200E6 2,000E6]
9 Core/Poisson’s Ratio Ue - 0.30 0.14 [0.25 0.35]
10 Shell/Poisson’s Ratio Us - 0.25 0.14 [0.20 0.30]
11 Core/Cohesion C. Pa 25E3 0.30 [10E3 100E3]
12 Shell/Friction Angle & Degree 40 0.20 [36 45]
13 Filter/Friction Angle & Degree 30 0.20 [27 36]
14 Drainage/Friction Angle o Degree 35 0.20 [30 40]
15 Alluvium/Friction Angle " Degree 33 0.20 [20 46]
16 Core/Porosity Ne - 0.50 0.30 [0.35 0.60]
17 Shell/Porosity ns - 0.30 0.30 [0.25 0.45]
18 Drainage/Hydraulic Conductivity Kg m/s 1.50E-3 0.80 [5.00E-5 5.00E-3]
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Figure 4. Tornado diagrams for selecting sensitive parameters (a) Xdisp. (b)Ydisp. (c) Sxx (d) Syy
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Table 4. Other RVs that are considered in sensitivity analysis (Shakouri et al., 2023)

RVs Zone/Property Symbol Unit Mean  CoV Truncation
1 Grout Curtain/Dry Density Yda kg/m® 1,800 0.07 [1,500 2,000]
2 Alluvium/Dry Density Yda kg/m® 1,800 0.07 [1,500 2,100]
3 Bedrock/Dry Density Yab kg/m® 1,900 0.07 [1,600 2,100]
4 Filter/Elasticity E; Pa 80E6 0.40 [40E6 150E6]
5 Grout Curtain/Elasticity Eq Pa 850E6  0.40 [200E6 2,000E6]
6 Bedrock/Elasticity Ep Pa 4,500E6 0.40 [2,000E6 20,000E6]
7 Filter/Poisson’s Ratio Ur - 0.25 0.14 [0.20 0.30]
8  Drainage/Poisson’s Ratio U - 0.25 0.14 [0.20 0.34]
9 Grout Curtain/Poisson’s Ratio Uy - 0.20 0.14 [0.18 0.34]
10  Alluvium/Poisson’s Ratio oA - 0.25 0.14 [0.20 0.34]
11 Bedrock/Poisson’s Ratio Oy - 0.33 0.14 [0.28 0.38]
12 Shell/Cohesion Cs Pa 200 0.30 [100 900]
13 Filter/Cohesion Cs Pa 200 0.30 [0 1E3]
14 Drainage/Cohesion Cq Pa 200 0.30 [0 1E3]
15  Grout Curtain/Cohesion Cq Pa 400E3  0.30 [LOOE3 600E3]
16  Alluvium/Cohesion C, Pa 35E3 0.30 [20E3 100E3]
17  Bedrock/Cohesion Cy Pa 100E3  0.30 [50E3 600E3]
18  Core/Friction Angle & Degree 22 0.20 [15 27]
19  Grout Curtain/Friction Angle & Degree 45 0.20 [20 46]
20  Bedrock/Friction Angle & Degree 45 0.20 [26 46]
21  Filter/Porosity Ny - 0.30 0.30 [0.250.35]
22 Drainage/Porosity Ng - 0.30 0.30 [0.250.35]
23 Grout Curtain/Porosity Nq - 0.50 0.30 [0.40 0.60]
24 Alluvium/Porosity Na - 0.45 0.30 [0.350.55]
25  Bedrock/Porosity Ny - 0.50 0.30 [0.40 0.60]
26  Core/Hydraulic Conductivity Ke m/s 1.15E-8 0.80 [1.00E-11 5.00E-8]
27  Shell/Hydraulic Conductivity Ks m/s 7.00E-4 0.80 [8.00E-6 2.00E-3]
28  Filter/Hydraulic Conductivity K¢ m/s 2.00E-4 0.80 [4.00E-6 4.00E-4]
29  Grout Curtain/Hydraulic Conductivity Kq m/s 1.00E-9 0.80 [1.00E-115.00E-9]
30  Alluvium/Hydraulic Conductivity Ka m/s 150E-7 0.80 [1.00E-85.00E-7]
31  Bedrock/Hydraulic Conductivity Ky m/s 2.00E-8 0.80 [1.00E-115.00E-8]
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. Limit State
. Latin Hypercube Sampling
. Deterministic
. Probabilistic
. Reliability Index
. Finite Element Method (FEM)
. Finite Difference Method (FDM)
. Epistemic
. Uncertainty Quantification
10. Sensitivity Analysis
11. Structural Reliability
12. Random Variables (RVs)
13. Tornado Diagrams
14. Total Head
15. Pilot Model
16. Mohr-Coulomb
17. Interface Elements
18. Elastic Behavior
19. Bulk Modulus
20. Shear Modulus
21. Swing
22. Normal Water Level
23. Contour
24, Coefficient of Variations (CoVs)
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