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The monitoring of an earth dam refers to the dam’s performance in
different construction stages, starting with impoundment followed by the
exploitation period, which can be achieved in different fields such as
seepage and subsidence analysis. This research analyzed Karkheh storage
dam’s seepage behavior using the finite element method under various
scenarios assuming saturated flow, saturated-unsaturated flow, and
saturated-unsaturated flow under consolidation in steady and unsteady
conditions. The 17-year data obtained from the Karkheh dam’s
piezometer instrumentation in five sections of the dam’s body and
foundation were used to improve the accuracy of the parameters and adapt

Element Method,
Karkheh Dam.

the analyses results to the actual dam conditions. Subsequently, seepage
analysis comprising calibration and validation of the numerical model in
two-dimensional and three-dimensional states using Seep/w and Seep3D
software was conducted under the considered scenarios. Finally, a
complete numerical model was obtained based on the actual dam
conditions. The results show that three-dimensional flow analysis in the
unsteady state under consolidation is more accurate than the two-
dimensional state with a 23.5% lower error rate than the 2D approach.

1.  Introduction

To record the behavior of a dam, the results of instrumentation readings and various analyzes can be
used to determine the accuracy of this information and the behavior of the components of the earth dam.
Li and Desai (1983) utilized the finite element method to investigate and analyze leakage and stress in
the body of earthen dams, considering their interactions with each other and used linear elastic and
Drucker-Prager model for the soil environment, and transient and steady states or water. Ataie-Ashtiani
(2014) proposed a boundary element-based method for solving transient free-surface problems in
homogeneous and heterogeneous environments. Javadi Jokar and Shahrbanouzadeh (2015) numerically
evaluated the pore water pressure in the most critical section of Karkheh earthen dam using Seep3D
software. The results show that the analysis of the three-dimensional numerical model is consistent with
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the instrumentation data. Yuan and Zhong (2016) conducted a three-dimensional analysis of free and
unlimited surface flow in the earthen dam body using a finite element method with quadratic elements.

Various researchers have analyzed and determined the effective flow parameters in the dam body using
other methods. Ren et al. (2016) used a reverse analysis method called the super-equivalent continuum
method to analyze three-dimensional leakage in a heterogeneous porous medium. Stanistaw and Leszek
(2017) utilized analytical methods to detect seepage and leakage in earthen dams accurately. Yan et al.
(2017) employed a PSO optimization algorithm to optimize the parameters involved in the leakage
problem. Guo et al. (2018) proposed a statistical model called EFR based on the hydrostatic-season-
time (HST) model for the behavior of pore water pressure in the body of the earth dam.

In this research, in order to achieve a comprehensive model that can express the behavior of the dam in
leakage during the operation period and be used in future forecasts, utilizing two-dimensional and three-
dimensional modeling with the help of the finite element method and two specialized software Seep/w
and Seep3D, data from selected sections of Karkheh reservoir dam were extracted. The model was
achieved considering the items and changes in the permeability coefficient and volumetric content of
materials to consolidate the optimal model.

2. Materials and Methods

The general leakage equation is mathematically expressed by the Richards equation, which combines
the continuity equation and Darcy’s law for the flow of water in the soil in a non-constant state and
three dimensions X, vy, z, (EQ. 1) and nonhomogeneous and anisotropic environment. The following
equation is obtained:

a[Kxal’]j+a[K ahj_'.a(Kzahj:aaN
o a ) Ty ey e\ )T

1)

Where h is the hydraulic load, K, Ky, K; are the permeability coefficient in the X, y, z axes, 8 is the
volume content of water, and t is time.

(2)

d0,, = m,,0u

The total hydraulic head is also defined as follows:

(©)
hzl;—v":+y

By placing Eg. (3) in Eq. (2), the following equation is obtained:

(4)
29, = m,¥,d(h—y)

Since the height is constant for each element, its derivative concerning time is zero and is eliminated.
Therefore, the differential equation is obtained as follows:
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Solving the above equation using the finite element numerical method, the Galerkin method, and
derived from the weighted residual theory is transformed into Eq. (6):
JIf, (BBIF[D1[BDdv + [ff, (AINIT[NDdv.{H}, = (6)

If, (qINT"[N]dA

Where [B] is the gradient matrix, [C] is the hydraulic conductivity coefficients (permeability) matrix,
{H} is the node head vector, andA = m,,¥,,. Also [N]T[N] or [M] is the mass matrix, {H}, is 3_};

(changes of head over time), q is the unit of flow rate through the surface of an element, and [N] is an
interpolation function vector.

According to the above formulation, different scenarios have been designed to achieve the optimal
model of leakage in Karkheh Reservoir Dam, which indicates its behavior subjected to leakage:

1. Investigation of piezometric pressure assuming a completely saturated environment in a two-
dimensional state and steady flow.

2. Investigation of piezometric pressure assuming saturated-unsaturated environment in the two-
dimensional state and steady flow.

3. Investigation of piezometric pressure assuming saturated-unsaturated environment in the three-
dimensional state and steady flow.

4, Investigation of piezometric pressure by assuming saturated-unsaturated environment in the
two-dimensional state, unsteady flow, and considering the consolidation effect.

5. Investigation of piezometric pressure assuming saturated-unsaturated environment in the three-

dimensional state and unsteady flow considering the consolidation effect.

3. Discussion and Conclusion
According to the different scenarios defined in this research, the following statements are made:

1. Considering the calibration and validation of the numerical model in asymmetric analysis, the
results showed that the more time step, the more accurate the results would be. According to the analysis
results and the time steps considered, the time step of 3600 seconds offers better results and a lower
error rate.

2. By considering the actual conditions of the porous environment and flow in the numerical
model (consolidation effect), a complete model can be obtained, which can be used to analyze the
conditions of the higher reservoir water level that has not yet occurred and make the necessary
predictions to prevent losses and damage to the dam.

3. The results showed that non-permanent analysis is more accurate than permanent analysis.

4. According to the results of permanent and non-permanent analysis, it can be said that in some
parts of the dam body, the body materials have not reached full saturation, and there are no completely
stable conditions.

5. Comparing the 2D mode results with Seep/w software and 3D mode with Seep-3D software
shows that 3D mode results have a lower error rate and are closer to the instrumentation results. This
shows the accuracy of the finite element method and Seep-3D software. The resulting outcome is also
a reason for the three-dimensionality of water flow in the body and foundation of the Karkheh dam and
the effect of the third dimension on the accuracy of the results.
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6.

The excellent matching of instrumentation results and Seep-3D software outputs allows us to

determine the water level at the desired piezometers and the amount of leakage before or after the
construction of each earth dam.

7.

Leakage flow control results show the high accuracy of Seep-3D software in calculating the

amount of leakage flow.

4.
1)

2)

3)

4)

5)

6)
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Monitoring Seepage through Dam under Consolidation Using the
Finite Element Method, Case Study: Karkheh Dam

Siamak Esmaeilzadeh! Mehrdad Shahrbanouzadeh?*

ABSTRACT

The monitoring of an earth dam refers to the dam’s performance in different construction stages, starting with
impoundment followed by the exploitation period, which can be achieved in different fields such as seepage
and subsidence analysis. This research analyzed Karkheh storage dam’s seepage behavior using the finite
element method under various scenarios assuming saturated flow, saturated-unsaturated flow, and saturated-
unsaturated flow under consolidation in steady and unsteady conditions. The 17-year data obtained from the
Karkheh dam’s piezometer instrumentation in five sections of the dam’s body and foundation were used to
improve the accuracy of the parameters and adapt the analyses results to the actual dam conditions.
Subsequently, seepage analysis comprising calibration and validation of the numerical model in two-
dimensional and three-dimensional states using Seep/w and Seep3D software was conducted under the
considered scenarios. Finally, a complete numerical model was obtained based on the actual dam conditions.
The results show that three-dimensional flow analysis in the unsteady state under consolidation is more
accurate than the two-dimensional state with a 23.5% lower error rate than the 2D approach.
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