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Abstract: This study proposes an integrated approach combining geographic information systems 

(GIS) and geotechnical analyses to assess the stability of the Oued Ayda mountain lake dam, located 

in the Siliana Governorate, northwestern Tunisia. The mechanical properties of the embankment 

and foundation materials were integrated into a Mohr-Coulomb geomechanical model, while the 

pore water pressure distribution was simulated for various representative hydromechanical 

scenarios: end of construction, normal operation, rapid drainage, and short- and long-term empty 

reservoir conditions. The stability analysis, performed using the Morgenstern-Price method with 

the SLOPE/W software (GeoStudio), reveals high safety factors on the upstream side (SF > 3 in the 

short term and SF ≥ 2 in the long term), indicating good resistance of this slope to hydraulic and 

mechanical stresses. Conversely, the results show that the downstream slope exhibits significantly 

lower safety factors, ranging from 1.335 to 1.338 under long-term conditions, particularly during 

normal operating and rapid drainage scenarios. These reduced values indicate a high vulnerability 

of this slope to persistent saturation and adverse hydraulic gradients. In conclusion, although the 

dam exhibits satisfactory overall stability, the downstream slope remains the most vulnerable area 

of the structure. The results underscore the need for rigorous management of water level 

fluctuations and suggest reinforcing the drainage system or implementing targeted stabilization 

measures to ensure the long-term safety and durability of the structure. 
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1. Introduction 

Hillside reservoirs, also referred to as mountain lakes, are small hydraulic structures 

constructed in areas of moderate relief to mobilize, store, and regulate surface water 

resources. They play a strategic role in semi-arid environments characterized by high 

rainfall variability, strong evapotranspiration, and irregular seasonal precipitation 

patterns [1,2,3]. These infrastructures contribute significantly to groundwater recharge, 

agricultural irrigation, water supply security, and the attenuation of extreme hydrological 

events such as droughts and floods [4,5,6,7,8]. Recent studies emphasize that, under 

climate change conditions, small reservoirs play a crucial role in enhancing water 

resilience and adapting local water management strategies, particularly in semi-arid and 

Mediterranean regions [9,10,11,12,13]. 

The long-term sustainability and hydraulic efficiency of hillside reservoirs are closely 

dependent on the geotechnical stability of the earth dams that constitute their retaining 

structures. The stability of embankment dams is governed by a combination of factors 

including dam geometry, material properties, moisture conditions, degree of saturation, 

pore water pressure distribution, and reservoir level fluctuations [14,15,16,17]. Recent 

investigations have shown that hydrological extremes such as rapid filling, sudden 
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drawdown, or intense rainfall events can significantly modify seepage regimes and 

destabilize embankment structures [18,19,20,21,22]. Furthermore, accelerated 

sedimentation processes, increasingly observed in small reservoirs, reduce storage 

capacity and alter hydraulic loading conditions, thereby indirectly affecting dam stability 

[23,8,13]. 

Several recent studies underline that neglecting the spatial variability and 

uncertainty of geotechnical parameters remains one of the principal causes of instability 

in homogeneous or zoned earth dams [24,25,26]. Contemporary research increasingly 

incorporates probabilistic and numerical approaches to better account for such variability, 

particularly in semi-arid contexts where soil heterogeneity and moisture dynamics are 

pronounced [27,21,22]. In parallel, artificial intelligence and machine learning techniques 

have recently been introduced to enhance slope stability prediction and early warning 

capabilities for earth dams, offering promising results compared to conventional 

deterministic methods [28]. 

Traditionally, embankment dam stability assessment has been conducted using limit 

equilibrium methods, such as those proposed by Fellenius (1935) [14], Bishop (1955) [15], 

and Janbu (1973) [29], which provide estimates of safety factors along potential failure 

surfaces. While these approaches remain widely used in engineering practice, recent 

studies highlight their limitations in capturing complex hydromechanical interactions, 

three-dimensional geometry, and watershed-scale hydrological influences [30,31,32]. 

Consequently, recent research increasingly favors the integration of numerical modeling, 

probabilistic frameworks, and spatial analysis tools to overcome these limitations [33,28]. 

In this context, geographic information systems (GIS) have emerged as essential tools 

for integrating geological, topographical, hydrological, and environmental data within a 

unified spatial framework [34,35,36,37]. Recent GIS-based studies have demonstrated 

their effectiveness in mapping erosion processes, sediment transport, and silting impacts 

on small reservoirs in semi-arid regions, thereby supporting dam safety and maintenance 

planning [38]. Moreover, the coupling of GIS with geotechnical and numerical models 

enables more realistic simulations of embankment behavior under variable hydrological 

and climatic scenarios [39,40,41,33,42]. 

This GIS–geotechnical integration now constitutes a robust operational framework 

for dam safety assessment, monitoring, and sustainable management in semi-arid 

environments. It supports stability zoning, identification of failure-prone areas, and 

decision-making related to maintenance and risk mitigation strategies [43,44,45]. Within 

this framework, recent advances in geospatial databases and monitoring technologies 

further enhance the capacity to assess dam behavior at both local and catchment scales 

[46]. Accordingly, the present study aims to assess the stability of the Oued Ayda hillside 

reservoir dam through an integrated approach combining conventional geotechnical 

analyses with advanced GIS-based modeling tools. This methodology seeks to evaluate 

the current structural condition, identify critical instability zones, and propose a 

monitoring strategy adapted to the long-term and sustainable management of this 

hydraulic infrastructure. 

2. Materials and Methods 

2.1. Study Area 

The Oued Ayda hill reservoir dam is planned in the Ellouza region, within the Kesra 

delegation, in the Siliana Governorate. Its geographical position was established using the 

Djebel Barbrou topographic map (sheet no. 61, scale 1:50.000) and corresponds to the 

following Carthage UTM coordinates: X = 524,542.14 m and Y = 3,953,095.86 m (Figure 1). 

The catchment area supplying the reservoir covers an area of 7.3 km² and has a perimeter 

of approximately 12.36 km. The region is subject to a semi-arid, low-altitude climate, with 

cold winters and highly irregular rainfall. Water withdrawals, often significant and 
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concentrated, are generally predominant in September, significantly influencing the 

reservoir's hydrological regime. 

 

Figure 1. Geographical location of the reservoir on the hillside of the Ayda wadi (Extract from the 

topographic map of Djebel Barbrou, scale 1/50,000) 

From a geological perspective, the lower part of the Oued Ayda watershed rests 

primarily on alluvial terraces composed of lumachelle clays and calcareous gravels. These 

formations overlie laminated brown-green clays, interspersed with nodular limestone, 

thus ensuring the lithological continuity of the Rass El Fejja and Koudiet Znida hills. This 

lithological configuration influences soil stability and the dynamics of water erosion in 

the lower zone. The structure consists of a homogeneous earth dike, with a maximum 

height of 11 m, slopes of 1V:3H upstream and 1V:2.5H downstream, and a crest width of 

4 m (Figure 2). 

 

Figure 2. Geometry of the dike and arrangement of structural elements 
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2.2. Methodology 

The methodology is based on an integrated approach combining GIS tools and 

geotechnical analyses to assess the stability of the Oued Ayda hill lake dam (Figure 3). It 

is structured in four complementary steps. The first step consists of gathering, verifying, 

and georeferencing all topographic, geological, and pedological data, particularly from 

the SRTM DEM, as well as the results of geotechnical surveys and tests carried out on-site 

and in the laboratory. The second step utilizes the spatial analysis capabilities of GIS to 

organize the information, extract the morphological parameters of the watershed, and 

identify areas likely to be sensitive to hydrological processes. The third step focuses on 

the geotechnical characterization of the embankment and foundation through laboratory 

tests to determine the essential mechanical properties of the soil (Table 1), such as the 

friction angle (ϕᵤ), cohesion (Cᵤ), and density (γᵤ), in the short and long term. These 

parameters are then used to define a Mohr-Coulomb type behavioral model consistent 

with the principles of soil mechanics. Finally, the dam's stability is simulated using the 

SLOPE/W software by applying the simplified Bishop method to calculate the safety 

factor under different hydraulic scenarios (completion of construction, normal operation, 

rapid drainage, empty reservoir). The results obtained provided an initial assessment of 

the structure's overall stability and serve as a basis for guiding management, monitoring, 

and potential reinforcement measures. 

 

Figure 3. Methodological diagram for evaluating the stability of the Ayda wadi dike using a GIS-

Geotechnical approach 

Table 1. Mechanical data of the hillside reservoir 

 Short term Long term 

Friction angle φu φu =32° φu =20° 

Density γh γh = 16.8 kN/m² γh = 16.8 kN/m² 

Cohesion Cu Cu= 68 kN/m² Cu= 42 kN/m² 

3. Results 

The stability assessment of the Oued Ayda mountain lake dam revealed significant 

variations in the safety factor (SF) during the different simulated hydromechanical phases. 

The results show a clear contrast between the upstream and downstream slopes, 

highlighting the crucial role of saturation, stress redistribution, and hydraulic gradients 

on the overall stability of the structure. 

1. Data 

- DEM (SRTM) 

- Geological map 

- Boreholes 

2. GIS Pro-

cessing 

- Hydrology 

- Morphometric 

Parameters- 

3.Geotechnical Charac-

terization 

- (ϕᵤ), (Cᵤ), (γᵤ), 

- Embankment Behavior 

4.Modélisation 

PENTE/W 

- Bishop simplifié 

-Mohr-Coulomb 

- SF multi-scénarios 

Water-related scenario simulations 

- End of work 

- Normal operation 

- Rapid draining 

Main results 

- Potential slip surfaces 

- Safety factor (SF) of upstream and downstream slopes 

- Identification of critical phases  
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3.1. Short-Term Analysis 

At the end of construction, the upstream slope had an SF of 3,961 (Figure 4), while 

the downstream slope had a value of 3,198 (Figure 5). These high values are explained by 

the low saturation of the embankment, a characteristic of recently compacted materials. 

The absence of significant pore water pressures allows for maximum mobilization of shear 

strength, which corresponds to the behavior generally observed for new embankments. 

 

Figure 4. Stability analysis at the end of construction: Sliding surface and Safety Factor (Upstream 

Slope) 

 

Figure 5. Stability analysis at the end of construction: Sliding surface and Safety Factor 

(Downstream Slope) 

Under normal operating conditions, the results show a significant improvement in 

the safety factor (SF) upstream, reaching 5.187 (Figure 6), while downstream it stands at 

3.298 (Figure 7). This increase, particularly marked upstream, reflects the consolidation of 

materials after the flood as well as the stabilization of the piezometric level. The 

downstream slope, on the other hand, remains less stable, which corresponds to the 

expected behavior when internal drainage is not optimal. 

 

Figure 6. Stability analysis under normal operating conditions: Sliding surface and Safety Factor 

(Upstream Slope) 
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Figure 7. Stability Analysis under Normal Operation: Sliding Surface and Safety Factor 

(Downstream Slope) 

During a rapid drainage event, a slight decrease in the SF (Safety Factor) is observed: 

3.625 for the upstream side (Figure 8) and 3.341 for the downstream side (Figure 9). This 

decrease is linked to the occurrence of a reverse hydraulic gradient during the rapid drop 

in water level. Nevertheless, these values remain well above the minimum threshold 

required in the short term, indicating satisfactory resistance of the structure under these 

conditions. 

 

Figure 8. Stability Analysis during Rapid Drainage: Sliding Surface and Safety Factor (Upstream 

Slope) 

 

Figure 9. Stability Analysis during Rapid Drainage: Sliding Surface and Safety Factor 

(Downstream Slope) 

3.2. Long-term analysis 

Under consolidated conditions, the situation becomes more critical, especially for the 

downstream slope. Under normal operating conditions, the upstream slope (Figure 10) 

maintains adequate stability (SF = 3.133), while the downstream slope drops to 1.335, close 

to the minimum safe operating threshold (Figure 11). This decrease is due to accumulated 

saturation and a reduction in effective stresses, which decreases shear strength. 
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Figure 10. Stability analysis under normal operating conditions: sliding surface and safety factor 

(Upstream Slope) 

 

Figure 11. Stability analysis under normal operating conditions: sliding surface and safety factor 

(Downstream Slope) 

Rapid long-term drainage is the most critical phase: the upstream slope has a safety 

factor (SF) of 2.023, which is still acceptable (Figure 12), while the downstream slope 

remains weak (SF=1.333), indicating potential instability (Figure 13). The persistence of 

pore water pressure in the downstream embankment, combined with an unfavorable 

hydraulic gradient, explains this behavior. 

 

Figure 12. Stability analysis during rapid drainage: Sliding surface and Safety Factor (Upstream 

Slope) 

 

Figure 13. Stability analysis during rapid drainage: sliding surface and safety factor (Downstream 

Slope) 

 



Arbi Chafai and Khaled Taghouti 8 of 10 
 

 

 

During the dry phase, the values increase slightly upstream (2.253) (Figure 14), while 

they remain low downstream (1.338) (Figure 15). The absence of water alone is therefore 

insufficient to restore optimal stability, demonstrating that the structural fragility of the 

downstream slope is influenced more by material and hydrogeological conditions than 

by the hydraulic regime alone. 

 

Figure 14. Empty phase stability analysis: sliding surface and safety factor (Upstream Slope) 

 

Figure 15. Empty phase stability analysis: sliding surface and safety factor (Downstream Slope) 

The results show that the upstream slope maintains satisfactory short- and long-term 

stability, thanks to efficient drainage and rapid consolidation of the materials. In contrast, 

the downstream slope represents the critical zone of the structure, with safety factors close 

to the minimum threshold (≈ 1.33) in the long term, requiring particular attention (Table 

2). The main causes of this fragility are: 

• High saturation of the downstream embankment and persistent pore 

water pressures. 

• Insufficient internal drainage, limiting the removal of pore water. 

• The mechanical properties of the downstream soil, reducing the effective 

shear strength. 

These results highlight the importance of regular hydromechanical monitoring and 

appropriate drainage measures, particularly on the downstream slope, to ensure the long-

term safety of the dike. 

Table 2. Safety factors obtained for the upstream and downstream slopes at the different phases of 

hydromechanical analysis. 

Phase 

Safety factor (SF) 

Short term Long term 

Talus Amont Talus Aval Talus Amont Talus Aval 

Construction 3,961 3,198  

Filled (FN) 

 

5,187 3,298 3,133 1,335 

Quick Drain 

 

3,625 3,341 2,023 1,333 

Empty 

 

 2,253 1,338 
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4. Conclusion 

The stability study of the Oued Ayda hill lake dam, based on the Morgenstern-Price 

method, allowed for the evaluation of the structure's mechanical behavior under various 

hydrological conditions and for two time horizons: short-term and long-term. The 

simulations covered several representative scenarios, including the end of construction, 

normal operation, rapid drainage, and an empty reservoir, in order to account for all 

possible stresses on the structure. 

The results show that the upstream slope of the dam exhibits satisfactory overall 

stability, with safety factors greater than 3 in the short term and greater than 2 in the long 

term, indicating high resistance to hydraulic variations and mechanical stresses. 

Conversely, the downstream slope exhibits lower safety factors, between 1.33 and 1.34 in 

the long term, particularly under rapid drainage and steady-state conditions. These values 

reveal the sensitivity of this slope to persistent pore water pressures, reversed hydraulic 

gradients, and the limitations of the existing drainage system. The analysis highlights that, 

despite the absence of an immediate risk of failure, the functional stability of the structure 

is highly dependent on water level management and hydrological dynamics. Targeted 

corrective measures, such as localized reinforcement of the downstream slope, improved 

internal drainage, and progressive control of discharges, are necessary to mitigate the 

risks associated with prolonged saturation and adverse gradients. This study provides a 

sound scientific framework for decision-making and planning preventive interventions, 

contributing to the long-term safety and sustainability of the dike. 
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