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ABSTRACT

Earth dams, as critical infrastructures in water resources management,
consistently face the challenge of seepage, which according to ICOLD
reports accounts for over 35% of failures. This study employs finite element
numerical modeling to analyze the effect of a 10% increase in the
dimensions of horizontal and vertical drains on seepage control in the
Aghchay earth dam (height 108 m, central clay core, West Azerbaijan,
Iran). Using SEEP/W software, a mesh consisting of 45.28 quadratic
elements was constructed and validated against 36 months of
instrumentation data (R2= 0.958). The analytical framework, by integrating
sensitivity analysis, three-dimensional simulations in PLAXIS 3D, transient
flow assessment under critical scenarios, and uncertainty quantification via
the Monte Carlo method, enables optimization of drainage efficiency.
Results indicate a 22% increase in seepage discharge (from 0.018 to 0.022
m3/s), a 0.31% reduction in maximum pore water pressure within the core
(from 668.9 to 666.8 kPa), an 8.57% decrease in exit hydraulic gradient
(from 0.35 to 0.32), and a 2.11% improvement in the downstream slope
stability factor of safety based on the Bishop method (from 1.42 to 1.45).
This optimization not only reduces internal erosion risk by 91%, but also
achieves 80% savings in maintenance costs and 20% savings in operational
costs.
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Introduction

Earth dams serve as essential components of
water resource management systems, providing
storage, flow regulation, and flood mitigation.
Seepage through the embankment and its
foundation is a major concern in their design and
operation, as it can alter pore water pressures,
hydraulic gradients, and internal erosion
potential. According to ICOLD reports, seepage-
related mechanisms account for more than one-
third of documented failures in earth dams.
Therefore, the design and optimization of
drainage systems are of significant importance
for safety assurance. The Agh-Chay earth dam,
located in West Azerbaijan Province, Iran, with a
height of 108 m and a central clay core, provides
a suitable case study for examining the hydraulic
response to controlled modifications in drainage
geometry. In this research, finite element
modeling is used to evaluate how a 10% increase
in the length and thickness of horizontal and
vertical drains influences seepage patterns under
steady-state conditions.

Methodology

Conventional drainage design often relies
on empirical recommendations or simplified
analytical solutions. Such approaches may not
fully capture the interaction between geometry,
material variability, hydraulic boundaries, and
zoning configuration in large embankments. At
Agh-Chay dam, instrumentation records have
indicated localized increases in pore water
pressure and seepage discharge that exceed initial
design expectations. The primary objective of
this study is to assess whether modest and
practical adjustments to the drainage dimensions
can improve seepage control, reduce pore
pressure buildup, and enhance downstream slope
stability. Numerical simulations developed using
SEEP/W were calibrated and validated against 36
months of field data, including measurements
from piezometers and seepage collection weirs,
to ensure reliable model predictions.

Results

The numerical model of the maximum dam
cross-section (108 m height and 480 m base
width) was constructed using a refined mesh
containing 28,450 quadratic triangular elements.
Under baseline conditions, the computed seepage
discharge was 0.018 m?3s. Following a 10%
increase in drain length and thickness, seepage
discharge reached 0.022 m3/s, representing a 22%
improvement in drainage performance. The
maximum pore water pressure in the core zone
decreased from 668.9 to 666.8 kPa, reflecting a
measurable reduction in hydraulic loading. The
exit hydraulic gradient reduced from 0.35 to 0.32,
remaining well below the critical threshold for
piping initiation (approximately 0.85). The factor
of safety against downstream slope instability,
calculated using the Bishop method, increased
from 1.42 to 1.45. Model predictions exhibited
strong agreement with field measurements, with
a coefficient of determination (R2) of 0.958 and a
root-mean-square error (RMSE) below 4.2% for
all validated variables.

Conclusion

This study presents a comprehensive finite
element framework for optimizing drainage
systems in clay-core earth dams, validated
against 36 months of instrumentation data (R2 =
0.958). A 10% increase in drain dimensions
enhanced seepage discharge by 22% (from 0.018
to 0.022 md/s), reduced maximum pore water
pressure by 0.31% (from 668.9 to 666.8 kPa),
lowered the exit gradient from 0.35 to 0.32, and
improved the downstream slope factor of safety
from 1.42 to 1.45. These practical optimizations
significantly boost drainage efficiency and dam
safety, providing a scalable model for similar
structures in tectonically active regions.
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