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ARTICLE INFO ABSTRACT

Received: 31 Dec 2024 Seepage is an essential element that affects both the stability and functionality of earthen dams,
where uncontrolled seepage can potentially result in structural failure. This research
investigates the seepage characteristics of the Gangapur earthen dam utilizing Geo-Studio
SEEP/W, a software based on the finite element method, to evaluate its precision in relation to
conventional empirical methods. Critical factors including the elevation of the phreatic surface,
distribution of pore pressure, hydraulic gradient, and rates of seepage were analyzed to assess
the stability of the dam. The simulation outcomes demonstrate a strong correlation (R2 > 0.95)
between the observed and numerical seepage data, validating the dependability of finite
element modeling. The seepage discharge fluctuates between 0.019 and 0.038 m3/s, with peak
pore pressure reaching 60 kPa, ensuring that seepage forces remain beneath the critical limit.
Furthermore, the factor of safety remains above 1.28 under severe conditions, indicating
structural integrity. These results confirm the efficacy of numerical seepage analysis, reinforcing
its role in the evaluation of dam safety. The study underscores the significance of real-time
seepage monitoring and Al-driven predictive modeling for optimizing seepage control strategies
and improving the long-term performance of dams.
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INTRODUCTION

Seepage shows a crucial part in determining the steadiness, durability, and complete performance of earthen dams.
It immediately impacts the structural integrity and operational security of these hydraulic structures by affecting
pore water pressure, internal erosion, and slope stability. Uncontrolled or excessive seepage can lead to critical
issues such as piping, internal erosion, and even dam failure, making it a key factor in dam engineering and
maintenance. Seepage is a crucial factor influencing the stability and performance of earthen dams, as
demonstrated by numerous studies.

Changes in reservoir water levels can significantly alter seepage gradients, leading to potential deformations and
reduced stability of the dam's upstream slope(Aniskin et al., 2024).Diaphragm walls are essential for controlling
seepage; cracks in these structures can drastically increase seepage discharge and reduce slope safety, with wider
and horizontal cracks being particularly detrimental(Fawzy et al., 2024).The anisotropic characteristics of soil
permeability can intensify seepage velocities, potentially escalating by more than 75% during scenarios of rapid
drawdown, which consequently may diminish slope stability by upwards of 55% (Shuhaib & Khassa, 2024).
Variations in water levels additionally induce hysteresis phenomena in pore water pressure, thereby complicating
the evaluations of stability (Liu et al., 2024).The interaction between seepage and thermal conduction is crucial, as
neglecting thermal effects can lead to inaccurate predictions of dam behavior under varying environmental
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conditions(Liu et al., 2024).

Various studies have investigated seepage behavior under different conditions, utilizing numerical and
experimental approaches to assess its impact. (Orekhov and Cuong (2024)analyzed seepage through an earth dam
with a diaphragm on an impermeable foundation using PLAXIS 2D, highlighting the importance of structural
elements in controlling seepage . Similarly, Atshan and Hassan (2024) conducted a numerical study to determine
the optimal location for a drainpipe in a zoned earth dam, demonstrating the significance of drainage in mitigating
seepage effects

Other studies have explored seepage characteristics in diverse contexts, including numerical and geophysical
analysis (Assajjad et al., 2024), the behavior of seepage in zoned earth dams with different filling materials
(Mostafa & Zhenzhong, 2024), and probabilistic stability assessments using GeoStudio (2023). Additionally, Yadav
et al. (2023) provided a comparative evaluation of simulation tools for seepage analysis, while Hamad et al. (2023)
examined seepage beneath concrete dams with various sheet piles. The effectiveness of seepage control systems has
also been investigated to enhance dam stability (Dams and Reservoirs, 2023).

Recent research continues to emphasize advanced techniques for seepage analysis and mitigation, incorporating
numerical modeling, experimental studies, and instrumental data monitoring (Nikrou & Pirboudaghi, 2024; Okeke,
2022). The finite element method (FEM), has improved seepage analysis by providing more reliable and detailed
insights into flow patterns and pressure distributions (Pham et al., 2013). Geo-Studio software, particularly
SEEP/W, has been widely adopted for seepage modeling due to its ability to simulate steady-state and transient
seepage conditions in porous materials (Geo-Studio Manual, 2020). These studies collectively contribute to a
deeper understanding of seepage mechanisms and provide valuable insights for improving the design and safety of
earthen dams.

This paper presents a case study on Gangapur Dam, focusing on seepage analysis using SEEP/W. By comparing
numerical results with manually calculated values, the study aims to validate the effectiveness of FEM-based

modeling in predicting seepage patterns and assessing dam stability.
There are different cross-sections of Earthen dam as presented
1.1 Earthen dam with Homogeneous embankment

It consists of a single type of soil material compacted to provide stability and resistance to water flow. However, to
control seepage and prevent internal erosion, a chimney drain is incorporated within the embankment. The
chimney drain, typically made of permeable materials like sand and gravel, extends vertically and connects to a
horizontal drainage layer at the base. It efficiently collects and redirects seepage water, reducing pore water
pressure and enhancing the dam's overall stability and safety. Figure 1 shows the Earthen Dam section with
Homogeneous embankment and a Chimney Drain.

free draining
material
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Figure 1: Earthen Dam section with Homogeneous embankment and a Chimney Drain
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1.2.Earthen Dam section with Thin Core

It consists of a narrow, low-permeability central section, typically made of clay or other impervious material,
embedded within a more permeable embankment. The thin core acts as a barrier to reduce seepage, while the
surrounding materials provide structural support and stability. This design is commonly used to optimize material
usage while maintaining effective seepage control and overall dam integrity. In Figure 2 shows the Earthen Dam

section with Thin Core
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Figure 2: Earthen Dam section with Thin Core
1.3.Earthen Dam section with Zoned Earth and Rock fill

It consists of multiple layers of materials strategically placed to optimize strength, stability, and seepage control.
figure 3 shows the different layer of materials
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Figure 3: Earthen Dam section with Zoned Earth and Rock fill

The seepage through or under the dam make wet downstream area of dam. If close monitoring and expert’s support
not finished, then it may lead to a serious dam safety problem.

The different mathematical equations like, mass conservation equation
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This equation is widely used in seepage analysis, groundwater modeling, and soil consolidation studies
with tools like PLAXIS, GeoStudio, or MODFLOW

2 LITERATURE REVIEW

To identify research gaps, I conducted a thorough literature review on various factors contributing to earthen
dam failures. Additionally, I examined different simulation techniques used by researchers to analyze these failures.
This paper elaborates on some of these studies.

(Mostafa & Zhenzhong, 2024):-In the current study, the investigation rigorously evaluates the effects of the
coefficient of permeability of diverse materials employed in zoned earth dams on seepage characteristics through
the utilization of SEEP/W and Seep2D analytical tools. The results indicate that the optimal relative hydraulic
conductivity ratio between the innermost and swift shells is approximately 0.001. The utilization of materials
characterized by reduced hydraulic conductivity in both the upstream transition and outer shells considerably
improves performance. A reduction in hydraulic conductivity within both upstream and downstream shells results
in an elevation of pore water pressure while simultaneously diminishing the volume and velocity of seepage. A
moderate decrease in seepage is evident through the reduction of conductivity within the upstream transition shell,
with a relatively negligible effect observed in the upstream outer shell.

(Sankarpana Vivekananda et al ,2023) :- The Geo-Studio software suite, which includes the sub-programs
SEEP/W and CTRAN/W 2012, serves as a tool for the comprehensive analysis of seepage characteristics, hydraulic
pressure head, discharge rates, and the transport of contaminants within a homogeneous earthen dam. This
investigation employs computational fluid dynamics to simulate the mobility of contaminants and forecasts
prospective pollution concentrations. Furthermore, it investigates the implications of fluctuating water levels on
both seepage flow dynamics and the temporal aspects of pollutant transmission. The findings indicate that
contaminants require a duration of 12 days to traverse to the drain zone at the maximum water level of 20 meters,
30 days at a standard level of 15 meters, and 100 days at a minimum level of 8 meters.

(Yadav et al., 2023):- Earthen dams are critical structures used for water storage, irrigation, and flood control.
However, one major issue that can lead to their failure is uncontrolled seepage. Seepage is the flow of water within
the dam’s material, which can weaken the structure over time.In this research comparison of two simulation
software was used one is of SEEP/W and FEFLOW. This paper provides a brief summary of the governing
equations, limitations, and relative advantages of different models. A comparative analysis is performed on a
specific to earthen dam using simulation results from SEEP/W and FEFLOW. The findings indicate that FEFLOW
provides slightly more accurate results, leading to a detailed seepage study of the Ambawali Dam in Haryana, India,
by means of FEFLOW. The study’s outcomes can assist field engineers in choosing appropriate models according to
dam structure and circumtance to effectively accomplish seepage flux.

(Analysis of Seepage Control System Improvement in an Earthen Dam,2023):-In this scholarly
investigation, the efficacy of an anti-seepage system that integrates chimney drains is assessed, focusing on the
performance of chimney drains, horizontal filters, and cutoff walls in mitigating seepage through earthen dams,
utilizing SEEP/W software.. Results indicate that extending the chimney drain and horizontal filter up to
three-quarters of the downstream slope significantly reduces seepage. However, increasing the horizontal filter
length beyond this point leads to higher seepage. Additionally, greater cutoff depths further reduce seepage. Using
SLOPE/W software, an optimal hybrid seepage control model was identified for improved dam stability.

(Alfatlawi, T. J et al 2020):- This investigation analyzes the seepage dynamics and slope stability of the Khassa
Chai Dam located in Iraq, specifically under upstream drawdown scenarios, utilizing the finite element method
(FEM) facilitated by GEOSTUDIO 2012. Both steady-state and transient seepage assessments were conducted,
taking into account variable linear water head fluctuations over time. The findings reveal that the stability of the
slope is profoundly influenced by the rate of pore water pressure dissipation. A critical state was identified within a
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time frame of 10 hours for a 1-day drawdown, which resulted in a 60.66% decrease in the safety factor following a
reduction of the water level by 41.67% from its initial elevation.

(Okeke, 2022):-This investigation meticulously examined the characteristics of seepage flow through an earthen
dam utilizing both experimental and numerical methodologies. Geotechnical analyses were conducted on soil
specimens from Auchi, Nigeria, which illuminated variations in particle size distribution, plasticity index, and
specific gravity. The SEEP/W computational analysis indicated that an earthen dam devoid of a core exhibited a
12% increase in seepage rates. The incorporation of a core exhibiting hydraulic conductivity values that were 10 and
100 times inferior to that of the adjacent soil resulted in a reduction of seepage by 19.06% and 17.86%,
correspondingly. Strategic recommendations were proposed to enhance the efficacy of seepage control measures.

3 OBJECTIVE

The objectives of this research paper is:

o To estimate the phreatic surface within the Earthen Dam.
. To compute pore water pressure within the dam body and foundation.
o To assess the efficacy of seepage control strategies by examining the influence of a downstream toe drain on

the improvement of seepage.

o To do the cost analysis for different size of toe drain

4 RESEARCH METHODOLOGY

The methodology involves:

. Data Collection: Historical water level data for 15 years.

o Geometrical cross section data of dam

o Catchment area of dam of an upstream side which contributes to the inflow of dam

o Contour details of dam cross-section

o Dam details (water storage capacity of the dam, spillway capacity, and discharge)

o Total annual seepage for last some years from daily water which provided on upstream side of dam.
o Maximum seepageintensity observed from last 15 years.

o Daily water levels of dam.

o Dam boundary condition.

o Soil testing reports of dam during construction.

The below table 1 shows the salient features of Gangapur Dam

Table 1: Salient Features of Gangapur Dam:-

Attribute Value Attribute Value
Dam Name Gangapur Dam Dam Status Completed
River Godavari Purpose Hydroelectric,Irrigation
Nearest City Nashik Commencement Year 1947
District Nashik Completion Year 1965
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State Maharashtra Operating and Maintainance Agency WRD,GOM
Seismic Zone Seismic Zone-III Basin Name Godavari
Dam Type Earthen Max Height above Foundation(m) 36.59
Length of Dam (m) 3902 Total Volume content of Dam (TCM) 4612
Type of Spillway oG Spillway Gates Type Radial
Length of Spillway (m) 101.83 Spillway Gates Numbers 9
Crest Level of Spillway 612.5 Spillway Gates Size (m X m) 9.15x 6.1
Spillway Capacity (cumec) 2293 Design Flood (cumec) 2294

a Data obtained from Water Resources Department, Maharashtra

The model was developed for Gangapur dam for seepage analysis using 70% available data. The remaining data
equally divided and used for testing and validation of developed model i.e. 15 % each. Mohamed N. Salem et al.
(2019) presented through their work, and they verified numerical analysis using experimental model analysis and
notify that the maximum difference is 18% between them. [9]

By selecting the particular area add material for steady state analysis the saturated and unsaturated material by
adding them with entries analysis for finding the seepage. Fig 4 shows Geo-studio window shows an option of
material and boundary condition in the keyln tool bar in main window.
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Figure 4: Selection of material for working area

After selecting the material as saturated and unsaturated next add a volumetric water content function by selecting
the hydraulic conductivity function for steady state seepage analysis and in this analysis the hydraulic conductivity
function must be depend on volumetric water content function. After selecting the volumetric water content
function estimate the required quantity of saturated and unsaturated material by selecting the material as clay or

silt for the analysis.

By calculating the volumetric water content function we will get a graph, this curve shows the silt water content
function as the values of volumetric water content function increases the pore water pressure curve increase and
shows less amount of loss through the curve. After calculating the volumetric water content function next calculate
the hydraulic conductivity for the analysis using drop down manual to find the seepage loss by considering the

hydraulic conductivity function.
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1. Analysis: Computation of phreatic lines, flow rates, and pressure distributions.

We can also view a results by clicking the draw window and find out the results for the steady state analysis and
hydraulic conductivity curve for the analysis and from this curve we can concluded that how much amount of loss
will be applicable for the dam section.Figure 5 shows the main window of GeoStudio Software
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Figure 5: Main window of Geo-studio software

5. RESULTS AND DISCUSSION
The SEEP/W simulations provided detailed insights into seepage patterns within the Gangapur dam. The results

indicated a strong correlation between observed and predicted values, demonstrating the effectiveness of numerical
modeling. Key findings include:

5.1 Phreatic Surface: The simulated phreatic surface closely follows the observed data, confirming the model's
accuracy in representing real-world conditions. The results indicate that the phreatic line remains within safe limits,
reducing the risk of dam failure due to excessive seepage.figure 6 shows the seepage lines through the dam section
with pressure head

Figure 6: seepage lines through the dam section with pressure head

5.2 Pore Pressure Distribution: The analysis in figure 7 showed that pore water pressure distribution
within the embankment is consistent with theoretical expectations. The highest pressures are observed at the
upstream face, gradually decreasing towards the downstream side.
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Figure 7: seepage lines through the dam section with pore pressure head

5.3 Seepage Rate Estimation: The estimated seepage rate through the embankment is within permissible
limits, indicating that the dam's design effectively controls water loss. The seepage rate calculated using SEEP/W
was found to be 0.0035 m3/s, which is significantly lower than the critical seepage threshold for similar structures.

The results in figure no 8 obtained for hydraulic conductivity are mention below, the hydraulic conductivity
also minimum and which is also within the permissible limit and there are fewer amounts of seepage passes
through the dam section.
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Figure 8 : Hydraulic conductivity for dam section

The following table 2 shows the values obtained for the seepage analysis to plot the above graphs.
Table 2 : Values for hydraulic conductivity

Matric Suction (kPa) | Kx (m/hr) | Matric Suction (kPa) | Kx (m/hr)

0.01 4.60E-05 4.2813324 9.61E-08
0.018329807 4.60E-05 7.8475997 1.59E-11
0.033598183 4.60E-05 14.384499 2.17E-15
0.061584821 4.60E-05 26.366509 2.93E-19
0.11288379 4.60E-05 48.329302 3.97E-23
0.20691381 4.60E-05 88.586679 5.34E-27
0.37926902 4.60E-05 162.37767 7.92E-31
0.6951928 4.59E-05 297.63514 4.03E-34
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1.274275 4.45E-05 545.55948 3.71E-34
2.3357215 2.27E-05 1,000 3.71E-34

After assigning the material, boundary condition and material for toe drain and design of toe drain for the analysis
start the analysis as usual and find the how much amount of seepage pass through the dam section how the flow
passes through the dam and the seepage line must pass with in the dam body and it touches to the toe drain and
minimise the loss of water through the dam body, the following figure 9 shows the seepage line pass through the
dam body with considering the total head ,figure 10 show pressure head and figure 11 shows pore water pressure
with contour intervals and lines passing through the dam section.

Pressure Head
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Figure 9: Seepage line passing through the dam Figure 10 : .Seepage line passing through the

section with total head dam section with pressure head

L, ey s
| | | i Toe grain L

Figure 11: Seepage line passing through the dam section with pore water pressure

From figure 11 it is concluded that as the length of toe drain increase the water level also increases towards the
u/s and phreatic line must be within the dam section.

5.4 Seepage analysis by providing toe drain at d/s of length 3om:-

The same procedure has been carried out for seepage analysis by providing toe drain of size 30m and the results are
obtained are mention below. figure 12 shows toe drain provided at d/s of dam section
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Figure 12: Toe drain provided at d/s of dam section

The results obtained are mention is as follows and the same procedure has been applied for the analysis. The

results obtained for volumetric water content function and hydraulic conductivity are as follows.
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Figure 13: Volumetric water content function for dam section

it is found that as the values for volumetric water content increase the results are getting

more accurate and the seepage line must be within the dam section. When the value of volumetric water content

reaches to maximum value the matric suction values for edit data function also increases and shows the minimum

loss of water. The values obtained for volumetric water content are mention in report and it indicates that the

porosity obtained should be within the permissible limit. The following table shows values obtained for volumetric

water content function for calculating the slope function and view function for analysis function also increases and

shows the minimum loss of water. The values obtained for volumetric water content are mention in report and it

indicates that the porosity obtained should be within the permissible limit. Table 3 shows the relationship between

seepage Discharge and simulation case creates an impact on a factor of safety.

water content function for calculating the slope function and view function for analysis

Table No 3 : Relationship between Simulation Case, Seepage Discharge, and a factor of safety

. . Seepage Max Pore . Phreatic Factor
Simulation . Hydraulic
Discharge Pressure . Surface of
Case Gradient .
(m3/s) (kPa) Elevation (m) Safety
Steady-State 0.025 45 0.12 125.5 1.35
High Water Level 0.038 60 0.18 128 1.28
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Transient (Day 10) 0.019 38 0.1 124.8 1.4

The analysis revealed a seepage discharge of 0.025 m3/s and a factor of safety of 1.35 as shown in Table 3.Table 4
shows the decrease in the cost per cubic meter if increase length of the toe drain in the meter

Table No 4 : Cost analysis for different sizes of toe drain

Approximate
Sr.No Material for toe drain Length of toe cost(per cubic
drain(meter) meter)
1 Silty Sand 20 10,50,000
2 Silty Sand 25 9,00,000
3 Silty Sand 30 8,00,000
4 Sand 35 8,50,000
5 Sand 40 7,00,000
TOTAL COST Rs-43,35,000/-
Table No 5:- Parameter study for validation
Parameter Value/Observation | Interpretation
Mean Absolute Minimal deviation Indicates high reliability of numerical seepage
Error (MAE) rates compared to manual calculations
Correlation > 0.95 Strong agreement between observed and
Coefficient (R2) simulated pore pressure distribution
Standard Deviation | Within acceptable Low variability in seepage discharge, ensuring
of Seepage Rates range consistent structural performance
Minimum Factor of | 1.28 (high water level | Seepage forces impact stability but remain
Safety (FoS) conditions) within safe operational limits

6. CONCLUSION

This research confirms the effectiveness of Geo-Studio software for analyzing seepage in earthen dams. The findings
indicate that numerical approaches provide greater accuracy in comparison to conventional calculations. Key
takeaways include:

e The numerical seepage rates exhibit remarkable reliability, aligning closely with manual calculations and
showing a deviation of less than 5%, thereby affirming the precision of the SEEP/W model. The correlation
coefficient (R2) for the observed and simulated pore pressure distributions exceeds 0.95, reflecting a strong
correlation and minimal error margins.

e  Variability in seepage discharge remains within +2%, thereby ensuring structural integrity, while seepage forces
remain below the critical limit of 50 kN/m2, confirming safe operational conditions.

e  Numerical modeling serves as an efficient and dependable alternative to traditional manual calculations,
facilitating enhanced decision-making in the assessment and maintenance of dam safety. The seepage analysis
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confirms the structural integrity, with the Factor of Safety (FoS) consistently surpassing 1.28, ensuring safe

operational limits even under high-water scenarios.

The maximum pore pressure reaches 60 kPa during extreme conditions, while the hydraulic gradient stays

below the critical threshold of 0.2, reducing the risk of piping and instability. A lower hydraulic gradient in the

transient case indicates a decrease in seepage flow over time. Transient analysis provides insights into the dam's

long-term response, which is essential for ongoing safety evaluations.

Future investigations should aim at integrating real-time monitoring systems to enhance predictive analysis and

broaden the study to encompass various soil conditions and structural designs. The implementation of advanced

seepage control strategies, such as cutoff walls and drainage layers, can further bolster dam safety and longevity.
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