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Numerical investigation of the effect of soil nailing on the upstream slope
stability of an earth dam under seepage, rapid drawdown, and earthquake
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Extended Abstract

Introduction:

Earth dams play a critical role in water storage and resource management worldwide. The stability of upstream
slopes in earth dams is one of the most significant safety concerns, particularly under critical operating
conditions such as steady-state seepage, rapid reservoir drawdown, and earthquake. Rapid drawdown and
earthquake loading have historically been identified as primary causes of slope instability and dam failures.
Although drainage improvements and geometric modifications have commonly been employed to enhance
slope stability, these approaches are often impractical for operating dams. Soil nailing has emerged as an
effective structural reinforcement method for slope stabilization. By introducing tensile resistance within the
soil mass and restricting the development of critical slip surfaces, soil nailing can improve shear strength
without requiring substantial geometric modifications or reservoir evacuation. This study numerically
investigated the feasibility and effectiveness of soil nailing in improving the upstream slope stability of the
Alavian Earth Dam in East Azerbaijan Province, Iran, under static, seepage, rapid drawdown, and dynamic
loading conditions.

Material and Methods:

The numerical analyses in this study were performed using the GeoStudio software package, integrating
SEEP/W for seepage modeling and SLOPE/W for slope stability evaluation. This coupled framework enables
the direct transfer of pore-water pressure distributions from seepage analysis into stability calculations, thereby
providing a consistent hydraulic-mechanical assessment of upstream slope behavior. The geometric
configuration and geotechnical properties of the Alavian Earth Dam were obtained from the archive data of
East Azerbaijan Regional Water Company. The required soil parameters, including unit weight, permeability
coefficient, cohesion, and internal friction angle, were defined according to archived laboratory test results and
validated design documentation. Seepage analysis was conducted under steady-state and transient hydraulic
conditions to determine pore-water pressure distribution within the dam body. The finite element method
implemented in SEEP/W was employed to simulate saturated and unsaturated flow regimes. The resulting
pore-water pressure fields were subsequently imported into SLOPE/W for limit equilibrium analysis. Slope
stability was evaluated using established limit equilibrium methods. Four loading scenarios were investigated:
(i) end-of-construction static condition without seepage, (ii) steady-state seepage condition, (iii) rapid
drawdown condition, and (iv) dynamic loading under steady seepage conditions. For dynamic analysis, the El
Centro acceleration record was applied as the input ground motion. The soil nailing system was modeled using
steel bars with a diameter of 32 mm, a bond diameter of 0.1 m, and a uniform spacing of 1 m. For each loading
condition, the factor of safety was calculated with and without soil nailing, and the percentage improvement
was determined.

Results and Discussion:

The numerical analyses provided a comprehensive evaluation of the upstream slope stability of the Alavian
Earth Dam under different hydraulic and loading conditions. The results demonstrated that slope behavior was
strongly influenced by pore-water pressure distribution and external loading type, and that soil nailing
consistently improved stability performance. These findings confirmed that hydraulic conditions played a
fundamental role in governing the mechanical response and overall safety of earth dam slopes. Under end-of-
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construction conditions without seepage, the calculated factor of safety (FoS) was 1.757. Although this value
satisfied conventional design recommendations, it reflected a limited safety margin against potential future
adverse loading conditions. After implementing soil nailing, the FoS increased to 2.083, representing an 18.5%
improvement. The reinforcement altered the failure mechanism by transferring tensile resistance across the
potential slip surface and reducing mobilized shear stress within the upstream shell. In the steady-state seepage
scenario, the FoS without reinforcement was 1.775. The slight increase compared with the dry static condition
is attributed to the stabilizing hydrostatic pressure exerted by the reservoir on the upstream face, which partially
counteracts driving forces. When soil nailing was introduced, the FoS increased to 2.09, corresponding to a
17.7% improvement. The results indicated that even in the presence of pore-water pressure, soil nailing
effectively enhanced shear resistance and restrained the development of critical slip surfaces. The
redistribution of effective stresses along the upstream face further explains the moderate yet consistent
improvement observed in this condition. Rapid drawdown was identified as the most critical loading condition.
Without soil nailing, the FoS dropped to 0.961, indicating instability. The sudden removal of hydrostatic
support, combined with elevated internal pore-water pressure, led to a significant reduction in effective stress
and shear strength. After reinforcement, the FoS increased to 1.174, representing a 22.1% improvement and
restoring stability. This result highlighted the decisive role of soil nailing under transient hydraulic conditions,
where traditional drainage measures alone might not provide sufficient safety margins. Under seismic loading
using the El Centro acceleration record, combined with steady seepage conditions, the FoS was calculated to
be 1.224 without reinforcement. Although greater than unity, the safety margin was relatively small due to
inertial forces and cyclic stress redistribution. With soil nailing, the FoS increased to 1.366, reflecting a 14.2%
improvement. The reinforcement system contributed to increased stiffness and limited deformation, thereby
enhancing dynamic stability. From a practical perspective, this demonstrates the suitability of soil nailing as a
retrofit strategy for dams subjected to multi-hazard loading environments.

Conclusion:

This study demonstrated that soil nailing significantly enhances the upstream slope stability of earth dams
under static, rapid drawdown, and earthquake conditions. Rapid drawdown was identified as the controlling
design condition, where the slope was unstable without reinforcement. Nailing successfully restored stability
without altering dam geometry or requiring reservoir evacuation. Even under dynamic loading, soil nailing
provided meaningful improvements in safety margin. The findings highlight the feasibility of soil nailing for
aging earth dams. Therefore, nailing can be considered an effective, practical, and structurally efficient
retrofitting method for existing earth dams, particularly in seismic regions and under critical hydraulic
conditions.
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