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[bookmark: _Toc104985152]ABSTRACT
Typically, dams are located in less developed areas of a catchment; however, due to factors such as population growth over time, these catchments get highly urbanized, leading to the alteration of the natural landscape. Also, all over the world, the climate has been observed to be changing, leading to extreme events. All these factors affect the catchments' hydrological pattern, posing a significant threat to the dams. Moreover, incorporating all these factors during the design phase of an embankment dam, in particular, has always been a challenge. This study investigated the potential influence of land use changes, extreme events, and loading conditions on the slope stability of an embankment dam. A combination of Geographical Information System approaches and numerical modeling investigated different case studies' problems. The Soil Conservation Services Curve Number (SCS-CN) method, was used to estimate flow conditions in the catchment. At the same time, numerical modeling was used to investigate the influence of the flow conditions on the slope stability of the study embankments. Virtual models and case studies (Msimbazi, Ndembera, Nura-Sarysu, Ural-Caspian, and Aral-Syrdarya) were investigated in this study.
From the Ndembera catchment, water, wetland, dense forest, developed low intensity, medium intensity, and high-intensity land use classifications were established as a result of the land use and land cover change analysis. Whereby wetlands covered most of the Ndembera catchment, accounting for approximately 56.57% of the total area in 1990. The area covered by the high-intensity development was just about 0.86% of the general area and 13.9% of medium intensity development. However, in 2011 the largest part of the catchment was covered by medium intensity development accounting for 54.7% of the total areas. A similar situation was witnessed in Kazakhstan's Aral-Syrdarya catchment, where a significant portion of the catchment had been changed into high-intensity development by 2011. As a result of the changes in land use/land cover and extreme events, the design flows and reservoirs’ depths changed significantly with time. Furthermore, as a result of flow variations in the catchments, this study demonstrated that long-term water levels and loading conditions had a substantial impact on the slope stability of embankment dams. Based on the facts, it is vital to evaluate the state of the catchment in terms of land surface cover and climatic variables during the design phase of an embankment dam to achieve safe and sustainable dams.
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Land use – refers to how humans use land. It depicts the economic and cultural activities (such as agricultural, residential, industrial, mining, and recreational uses) that take place in a given area. 
Land cover – refers to the physical materials that cover the earth's surface. Examples include grass, asphalt, trees, bare ground, water, and other land covers.
Impervious surface area – Impervious surface area refers to any ground surface that significantly restricts or hampers natural water penetration into the soil is referred to as impervious surface area.
Rapid urbanization – refers to a process whereby a local area grows faster within a certain period. This process is associated with the increase in the number of people as well as changes to infrastructures and the natural landscape. 
Stormwater – the term stormwater refers to the water that originates from intense precipitation (storm), such as heavy rain and hail, as well as snow meltwater.
Catchment – refers to the area from which surface runoff is transported away by a single drainage system. 
Extreme event – refers to unexpected, uncommon, extreme weather or extreme climatic occurrences, including severe or unseasonal weather.
Seepage – the term seepage alludes to the descending and sidelong development of water from a source of supply, such as a store or water system canal, into soil or substrata.
Slope stability – slope stability is the technique of estimating and assessing how much stress a specific slope can handle before failing. Commercial highways, dams, excavated slopes, and soft rock walks in reservoirs, forests, and parks are examples of common slopes.
Embankment dam – an embankment dam is a massive artificial structure composed of a semi-plastic mound of varied soil or rock compositions. In many cases, an embankment dam has a solid, impenetrable core and a semi-pervious waterproof natural coating for its surface.
Numerical modeling – refers to a mathematical depiction of a physical (or other) behavior based on pertinent hypotheses and simplifying assumptions.
Curve Number – refers to a dimensionless parameter that describes a drainage basin's runoff response. This parameter is linked to land use, hydrological condition, hydrological soil group, and antecedent soil moisture condition in the drainage basin.
Geographic Information System (GIS) – a GIS is a database that contains geographic data as well as software tools for managing, analyzing, and visualizing it.
Digital Elevation Model – a Digital Elevation Model (DEM) is a three-dimensional computer graphics representation of elevation data used to depict topography.
A factor of safety – is a measure of how much stronger a system is than it needs to be for the weight it is designed to carry.
Pore water pressure – is the pressure of groundwater trapped in gaps between particles within a soil or rock. Piezometers are used to monitor pore water pressures below the groundwater's phreatic level.
The phreatic line – is the highest flow line of a saturated soil mass below which seepage occurs.
Cohesive soils – cohesive soils are defined based on the fact that particles of the same type, origin, and nature are attracted to each other in cohesive soil. As a result, cohesive soils are soils that adhere to one another. Cohesive soils are fine-grained soils like silts and clays.
The angle of internal friction – is defined based on the fact that the ability of a unit of rock or soil to endure a shear force is measured by the angle of internal friction. 
Rapid drawdown is the evacuation of water from a reservoir at a much faster rate than the rate of drainage of the materials that make up the reservoir's exposed parts.
Volumetric water content – refers to the ratio of the volume of water to that of soil. For example, inches of water per foot of soil could be expressed as a ratio, a percentage, or a depth of water per depth of soil.
Hydraulic conductivity – is a property of vascular plants, soils, and rocks that indicates how easily a fluid may pass through pore spaces or cracks.
Soil's unit weight – refers to soil weight per cubic meter and is measured in kilonewtons per cubic meter (kN/m3).
Coefficient of volume compressibility – the ratio of unit volume change per unit increase in effective stress is known as the coefficient of volume compressibility.
Slip surface – from a variety of feasible surfaces, the slip surface is the place with the lowest value of factor of safety. The limit equilibrium idea with automatic critical slip surface estimation is used in a wide range of slope stability software.
Steady-state flow condition – a steady-state flow condition is one in which the pressure at any location in the reservoir remains constant across time.
Boundary conditions – in embankment seepage and slope stability analysis, boundary conditions relate to the inflow and outflow area of the model (embankment), which reflect locations in the model where external causes lead water to flow into or out of the model (embankment) region.
[bookmark: _Toc104985159]SYMBOLS AND ABBREVIATIONS
 – stands for the amount of shear stress that is delivered to the soil.
 – stands for the normal stress value. 
 – stands for the maximum shear stress that a soil can withstand.
c – stands for cohesion.
Fc – stands for the factor of safety in relation to cohesion.
FH – stands for the factor of safety in relation to height.
Hmax – stands for the embankment slope's maximal height.
H – stands for the actual height of the embankment slope.
HRAF – stands for hypothetical region after failure.
SCS – stands for Soil Conservation Service.
TR – stands for Technical Release. 
USGS – stands for United States Geological Survey.
HEC-HMS – stands for Hydrologic Engineering Center - Hydrologic Modeling System.
Q – stands for the peak rate of runoff. 
ki – stands for adjustment multiplier for design storm recurrence interval.
C – stands for runoff coefficient.
I – stands for average rainfall intensity.
A – stands for an area that contributes to runoff at the point of design or the point under consideration.
tc – stands for time of concentration.
to – stands for overland flow time (minutes). 
ts – stands for shallow concentrated flow time. 
tt – stands for channelized flow time. 
P – stands for rainfall depth for the design storm. 
S – stands for probable maximum retention after a runoff. 
Ia – stands for an initial abstraction.
CN – stands for Curve Number.
AMC – stands for antecedent moisture condition. 
USDA– stand for the Department of Agriculture of the United States of America.
NRCS – stands for Natural Resources Conservation Service.
HSG – stands for Hydrologic Soil Group.
USACE – stands for United States Army Corps of Engineers.
PVC – stands for Polyvinyl chloride.
W – stands for embankment width.
NORL – normal operating reservoir level.
MORL-EH – maximum operating reservoir level at embankment height. 
MORL-OF – maximum operating reservoir level at overflow level. 
RORL – reduced operating reservoir level.
m.a.s.l. – meters above sea level.
h – stands for reservoir head above the ground surface.  
d – stands for depth of cutoff trench below ground surface.
IS – stands for Indian Standard.
Wi – stands for which is the block weight, includes a material surcharge with the character of weight. 
Kv – stands for vertical earthquake coefficient.
M1i – stands for is the moment of forces revolving around point M.
Ui – stands for is the resultant pore pressure on the ith section of the slip surface.
φi – stands for the angle of internal soil friction on the slip surface section. 
ci – stands for the soil cohesiveness on the slip surface segment. 
αi – stands for the inclination of the slip surface section. 
mα – stands for the verification of the parameter. 
Π – stands for pie. 
FS – stands for the factor of safety.
δi – stands for the inclination of force. 
Ei – stands for forces developed between blocks.
Ni – stands for normal forces acting on the slip surface.
Ti – stands for the shear forces that act on the slip surface.
Xi – stands for shear forces developed between blocks.
zi – stands for locations of points of applications of forces.
li – stands for locations of points of applications of forces.
Kh – stands for a factor of the horizontal acceleration.
Pyi – stands for the resultant of vertical forces acting on a given block. 
Pxi – stands for the resultant of horizontal forces on a given block. 
Ni – stands for the reaction that occurs beneath the block normal to the slip surface segment.
Ti – stands for the friction force on the slip surface segment.
αi – stands for the inclination of the slip surface segment.
li – stands for the length of the slip surface segment.
φi – stands for the angle of internal friction of soil on the slip surface segment.
ci – stands for the soil cohesion on the slip surface segment.
ICOLD – stands for International Commission on Large Dams.
DEM – stands for Digital Elevation Model. 
GIS – stands for Geographical Information System.
TMA – stands for Tanzania Meteorological Agency. 
LULC – stands for land use and land cover.
RGB – stands for red, green, and blue primary colors of light.
b – stands for the width of the slice.
[bookmark: _Hlk98075999]h – stands for the mean height of the slice. 
α – stands for the slope of the base of the slice. 
θ – stands for the slope of the resultant pair of interslice forces. 
ru – stands for the pore–pressure coefficient. 
γ – stands for the bulk density. 
H – stands for the height of the embankment. 
φ' – stands for the angle of shearing resistance with respect to effective stress. 
c' – stands for cohesion with respect to effective stress.
f(x) – stands for a function.
  – stands for percentage of the function used. 
E – stands for interslice normal force. 
X – stands for interslice shear force.
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Among the crucial factors of stormwater characteristics in catchments is a land surface cover. Changes in stormwater characteristics caused by changes in land surface cover are a major source of concern in catchments with dams. When the natural landscape is altered, it can have a significant impact on how rapidly water is absorbed into the ground or flows away from the dam [1] . Impervious surfaces, primarily from artificial structures such as roads, walkways, driveways, parking lots, rooftops, and industrial zones, are fast increasing as the land surface develops. The ground's ability to absorb precipitation falling on it rapidly deteriorates, and the runoff coefficient rises. Urbanized land surface usually leads to a decrease in lag time and greatly shortens the time at which the particular storm finds its way into a stream [2] and eventually towards a dam.
Preferably, dams are located in areas that are less occupied within a catchment and are characterized by natural landscapes. But, globally, the trend of land demand has always been increasing, resulting from population growth and development activities, according to Lanz et al. [3]. The phenomena have had a tremendous impact on catchment natural landscapes.
The most important and crucial factor in whether a dam will be subjected to failure is definitely determined by the amount of water that it has to retain [4]. The current approach of dam design and construction is based on the state of the watershed at the time at which the dam has to be constructed [5]. However, this approach ignores land surface cover as one of the crucial factors that have a high potential to determine the state of a watershed or catchment with time. Therefore, when the landscape is changed especially with the development of impervious surfaces, it can have a big impact on how quickly stormwater is either absorbed into the ground surface or runs off toward the dam located downstream. The use of the SCS-CN method in conjunction with remote sensing and Geographical Information System (GIS) technology can help to solve a problem with traditional methods for computing the quantity of water to be held in a dam because this approach considers land surface cover characteristics such as slope, vegetation cover, and the area of the watershed.
Rapid urbanization is a popular term describing a scenario in which less developed areas are invaded and subjected to development activities [6,7]. According to Fiscal et al. [8], this type of urbanization remains to be one of the crucial environmental challenges in developing countries. Therefore, with time the dam that was located within a less developed landscape finds itself within a highly developed and crowded environment. When the natural landscape is developed to structures such as parking lots, tarmac roads, rooftops as well as compacted grounds, the impervious surfaces also increase [9]. These impervious surfaces affect how the runoff is either absorbed or runs on the ground surface, whereby it becomes difficult for the precipitation to infiltrate into the ground leading to more runoff [10]. It becomes even more challenging when the impervious surfaces are combined with extreme events, such as extreme precipitation [11]. With more runoff running on the ground surface, it means more water reaches the nearby stream exceeding the carrying capacity, and eventually floods [12]. This also means that more water reaches the nearby dam, which is located downstream, surpassing the flow rate employed during the design phase of the structure, putting it at risk of failure [13,14]. There are already many cases where dams failed due to an increase in runoff, including; the Bilberry reservoir [15], which failed in 1852 in Holme Valley, West Yorkshire, England; Hauser Dam in the United States, which failed in 1908 [16]; Lower Otay Dam in the United States, failed in 1916 [17,18]; as well as the Banqiao and Shimantan Dams in China failed in 1975 [19]. In such a case, embankment dams are more prone to failure compared to concrete structures.
However, in some circumstances, the failure does not occur right away but is subjected to a change in the long-term design maximum water level [20]. It should also be noted that when the long-term maximum water level changes, the pattern of seepage within the embankment changes, resulting in a new pattern that was not anticipated during the design process [21]. Moreover, when the hydrological pattern in the catchment changes, the dam receives a new long-term water level that was not anticipated when the dam was designed. The dam may be subjected to progressive failure as a result of the new type of loading condition. The worst-case situation is when the dam is rapidly drained while the design long-term water level has changed [22]. 
It's also worth noting that, after a lengthy period of keeping a reservoir at a reasonably constant water surface height, seepage conditions within the embankment are likely to have stabilized. If the reservoir must be drained fast, the embankment's pore-water pressures may stay rather high while the reservoir's weight along the upstream side of the embankment acts as a stabilizing force. This is sometimes referred to as 'rapid drawdown,' and it might result in embankment instability on the upstream face [23]. As a result, investigating all of these variables during the design phase of an embankment dam is crucial.
Unfortunately, traditional dam design methodologies have a hard time accounting for both land use changes and climatic conditions throughout the design phase. As a result, combining Geographical Information System (GIS) approaches with numerical modeling provides a more advanced approach to incorporating these aspects into embankment dam design [24]. The SCS Curve Number (CN) method is among the effective method for estimating runoff after a rainfall event in a specific location [25]. The only parameters required for this procedure are rainfall and the CN. In hydrology, CN is an empirical measure used to forecast direct runoff or infiltration from surplus rainfall and is determined by the hydrologic soil group (HSG), as well as the land use, and hydrologic state of the area [26]. The SCS-CN method differs from the widely used Rational Method in the sense that when the drainage area is less than 50 acres, the rational method is used [27]; while when the drainage area exceeds 20 acres and the Tc (concentration period) is greater than 0.1 hours the SCS method is preferable [28].
Also, numerical modeling plays a significant role in investigating the slope stability of embankment dams under different loading conditions. Numerical modeling is a commonly used technique in geology that uses computational simulation to solve complicated geological problems [29]. These mathematical models employ numbers and equations to describe the physical features of geological scenarios. For many years, this method has been used to investigate complex problems involving embankment dams [30–32].
In general, investigation of how changes in land surface cover can be a significant threat to a dam located in an urbanizing catchment can help design highly sustainable dams in the future. Unfortunately, previous works have not comprehensively captured the combination of land use changes and extreme events on slope stability of embankment dams, making it difficult to appropriately incorporate these factors during the design phase of an embankment dam.
The impact of land use changes, extreme events, and loading conditions on the slope stability of an embankment dam is explored in this research. A combination of GIS-based approaches and numerical modeling is used to investigate the problem for different case studies. The Soil Conservation Services Curve Number approach is used to compute flow conditions in the study catchments, while numerical modeling is used to investigate the influence of the flow conditions on the slope stability of the embankment. Catchment delineation is achieved using the 30 m resolution Digital Elevation Model (DEM) in ArcGIS software. Land use/land cover analysis is accomplished using the combination of Landsat images and a supervised approach in ArcGIS. 
[bookmark: _Toc97504699]Main objective
· Assessment of the potential influence of loading conditions on the stability of embankment dams as influenced by land use/land cover changes and extreme climatic events.
[bookmark: _Toc97504700]Specific objectives
· To assess the potential applicability of GIS methods for dam site characterization and selection.
· To assess the rate of urbanization based on the trend of land use coverage changes in the study catchments.
· To estimate stormwater runoff in the study catchments by applying the SCS CN approach with respect to the surface cover and extreme events.
· To assess the rate of runoff changes in the study catchments as influenced by the changes in land use/land cover.
· To assess the potential effects of runoff changes on the flow characteristics in the study dams.
· To assess the potential effect of the flow characteristics changes on the stability of the study embankment dams.
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Failure of embankment dams is among the most catastrophic disasters in the world. A dam failure could result in the death or injury of people, damage to structures and infrastructure, the loss of services, and road closures due to water damage, fallen trees, and debris. There are already many cases whereby embankment dams failed due to changes in flow characteristics in the catchments [33–35]. It's also worth noting that most dams are built in less populated and urbanized locations to reduce the chance of dam failure causing catastrophic disasters [36]. However, changes in flow characteristics within any catchment are mainly determined by the two factors, which are; land surface cover [37] and climatic events [38]. With the rapid population growth, many catchments in the world have been invaded as a result of an increase in land demand for settlements and other development activities. 
Moreover, most dams are constructed and built based on the state of the watershed at the time. This approach tends to ignore the potential effects that can be caused by the changes in flow characteristics as a result of the changes in land surface cover. As a result, changing the terrain can have a significant impact on how rapidly water is absorbed into the ground or rushes off toward the dam. For instance, the results of a water balancing conducted in Leipzig [39], using empirical methods, revealed that urbanization increased surface runoff while decreasing net recharge to groundwater due to surface sealing and lower evapotranspiration.
 It's also worth noting that the amount of water a dam has to hold back is the most crucial aspect in determining whether it will fail or not [40–43]. Dams can also be strained by changing weather patterns, as some places get wetter while others become drier. All these facts have also been narrated by Prof. Norbert Delatte, a professor of civil engineering at Cleveland State University [44]. Furthermore, investigation of stability issues that may result from changes in flow characteristics in-situ during the design phase of a dam is among the difficult tasks due to a number of complex factors involved. Therefore, modeling provides a convenient approach for predicting potential problems associated with embankment dams from the design phase.
Unfortunately, previous studies have not adequately captured the potential relationship between shifting water levels and loading conditions on embankment dam stability.
[bookmark: _Toc97504702]Significance of the study
Land surface coverage change analysis is an important aspect of conservation and management of natural resources because it can reveal a region's pattern of human land use. Land use patterns must be studied in order to cope with global climate change and achieve sustainable development. On the other hand, stormwater system modeling is a useful approach for determining flooding susceptibility and identifying possible flood-reduction strategies. These phenomena are important in determining the flow characteristics of a watershed, as well as the stability of an embankment dam.
It's also worth noting that dam engineers' lack of awareness of land use and land cover issues has been connected to an increase in the number of embankment dam failures around the world. Civil Engineers must understand the nature and behavior of land cover change within a catchment, flow characteristics in relation to changes in surface of the land as well as the embankment stability problems related to flow characteristic issues in order to design highly sustainable dams.
The results derived in this study have a significant potential to bridge the knowledge gap that has been existing for a long time, leading to the many embankment stability issues resulting from changes in flow characteristics within a catchment as a function of land cover changes.
[bookmark: _Toc97504703]Thesis outline
Essentially, the framework of this thesis is based on that of the L.N. Gumilyov Eurasian National University's doctoral thesis. The study then goes on to outline the wide concept of slope stability analysis that leads to the research issue's focus. This problem definition is based on a conceptual framework that is supported by theory and literature, and it is empirically and conceptually validated. This session covers the thesis's basic outline and its organizational structure. The thesis is divided into the Introduction, five chapters, Conclusions and References; whereby, the content of each chapter is briefly highlighted as follows: 
Introduction: It provides the research context, introduces the topic and objectives, and provides an outline of the research project.
Chapter one (Literature review): This chapter attempts to incorporate the perspectives of various literature sources on key points of the investigation, particularly the theories behind the software and models used in this study, as well as the major aspects considered in land use and land cover analysis, hydrological modeling, and slope stability analysis.
Chapter two (Land use and land cover analysis): This chapter works on categorizing or classifying human activities and natural features on the landscape across time using established scientific and statistical methods.
Chapter three (Stormwater modeling): In this chapter, a dynamic rainfall-runoff simulation is conducted based on single extreme events within the study catchments and land use data extracted from Chapter three. 
Chapter four (Seepage and slope stability analysis based on virtual models): In this chapter, the study of probable failure mechanisms and their sensitivity to various triggering events such as changes in long-term steady-states and loading conditions is executed.
Chapter five (Seepage and slope stability analysis based on real case studies): In this chapter, the study of probable failure mechanisms and their sensitivity to various triggering events such as changes in long-term steady-states and loading conditions is executed.
General conclusions and recommendations: In this chapter, the summary of the report's main ideas as well as suggestions for actions to be taken in response to the study findings is provided.
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[bookmark: _Toc97504706][bookmark: _Toc103543838][bookmark: _Toc104985162]Land use and land cover changes impacts on stormwater
Land-use change is termed as the process by which humans alter the natural landscape. Some of these changes, such as urban growth, result in lasting destruction. High-resolution satellite images or large-scale statistical surveys are the most common methods for measuring land usage [45]. When it comes to studying land-use change, however, each of these techniques has its own set of drawbacks. Satellites may capture a lot of information about land use, but their archives are only a few decades old. Satellite-based estimates often overlook important aspects of land use, such as the distinction between uncontrolled grasslands and grazing regions [46]. 
Land use/land cover study is significant in general because the surface cover influences the water quality, hydrology, and ecology of the water bodies within a watershed. Runoff from agriculture and the developed environment (urban, suburban) can degrade water quality due to non-point source pollution such as sediments and fertilizers, but plant cover has a positive impact by reducing flooding and filtering pollutants. When vegetation is destroyed from the landscape during development, the watershed's ability to absorb nutrients and trap sediments is impaired, and more fertilizers, car emissions, industrial and sanitary wastes, and debris are washed into the surface and groundwater via stormwater runoff [47]. 
Parks and lawns, for example, soak up the majority of the rain that falls on them because they are undeveloped or grassy (pervious). As a result, locations with a lot of impermeable or non-porous surfaces have a lot more polluted stormwater runoff [48]. Stormwater runoff that is not regulated has a number of negative consequences for persons and the environment, including [48]:
· Flooding - public and private property damage. 
· Streambanks that have been eroded - Sediment clogs waterways, fills lakes and reservoirs, and kills fish and other aquatic species. 
· Loss of valuable property due to widened stream channels. 
· Aesthetics - unpleasant scents, filthy water, rubbish, and waste. 
· Fish and aquatic life have been harmed or eliminated. 
· Impaired Swimming, fishing, and boating are examples of recreational activities. 
· Threatens Contamination of drinking water, fish/shellfish, and public health. 
· Threatens Drownings occur in floodwaters, which is a public safety concern. 
· Economic Consequences — Fisheries, shellfish, tourists, and recreation-related companies will be harmed. 
· Increased Water and Wastewater Treatment Costs - Stormwater pollution raises the cost of raw water treatment and lowers the capacity of water bodies to absorb nutrients. 
· Stormwater runoff creates flooding and damage that is difficult and expensive to repair.
[bookmark: _Toc97504707][bookmark: _Toc103543839][bookmark: _Toc104985163]Climatic impacts on stormwater
Rainwater or melting snow runoff from roadways, lawns, and other locations is referred to as stormwater. Stormwater is filtered and eventually replenishes aquifers or runs into streams and rivers after being absorbed into soil. Stormwater flow can be increased as a result of climate change, which includes more frequent and severe storms as well as more extreme flooding occurrences [49]. 
Cities with mixed stormwater and wastewater drainage systems may face more frequent and powerful downpours. Large volumes of rain or snowfall can overload these systems, resulting in more combined sewer overflows into rivers. Sediment, nutrients, and other pollutants can be washed into water sources by stormwater runoff [50–53]. Sediment, nutrients, and other pollutants can degrade water quality, endanger drinking water supplies, and make water treatment more difficult. Drought and reduced streamflow can aggravate these issues by concentrating pollutants and restricting dilution [54].
[bookmark: _Toc97504708][bookmark: _Toc103543840][bookmark: _Toc104985164]Stormwater-related issues on dams
Dam and levee safety is becoming increasingly important as the globe struggles to adapt to climate change and its consequences. Extreme rainstorm events have the potential to seriously harm these structures. Dams play an important role in supplying a variety of services, including [55]: 
· Irrigation. 
· Availability of water. 
· Hydro-electricity. 
· Areas for recreation.
Many dams and levees are between 50 and 100 years old and were not built to withstand today's climate. In the worst-case scenario, the dam could break, resulting in widespread devastation and fatalities. Newly constructed dams are designed and regulated to withstand potential extreme events such as earthquakes and floods. However, the vast majority of dams around the world are at least half a century old. Many of the world's dams are vulnerable due to outdated designs mixed with wear and tear from years of operation [56]. 
[bookmark: _Toc97504709][bookmark: _Toc103543841][bookmark: _Toc104985165]Storm extreme event
Every year, storms occur in predictable patterns and seasons. The majority of these storms do minimal or no harm. However, there are times when the amount and intensity of rainfall are greater than our infrastructure or landscape can handle. The largest amount of rainfall expected in a given place over a certain period is known as the probable maximum precipitation (PMP) [57]. The PMP is designed to be the worst-case situation. It is frequently used by experts to determine the minimal building and operation standards for high-hazard dams and nuclear power facilities. 
The phrase was later proven to be erroneous by meteorologists. There are simply too many variables to come up with a single, precise, and reliable maximum number. The PMP recognizes the relative nature of the probability factor. The 100-year flood, for example, does not happen only once every century [58]. 
[bookmark: _Toc97504710][bookmark: _Toc103543842][bookmark: _Toc104985166]Dam hazard potential 
Normally, all dams in the system are assigned a classification depending on the amount and type of damage that would be likely to occur; the overall categorization can be summarized as follows [59]: 
· High Hazard Potential - This rating is given to dams that are likely to result in the loss of human life if they fail. 
· Significant Hazard Potential - If the loss of life is unlikely, but there would be a significant economic or environmental harm, this designation applies. It also covers scenarios that have the potential to interrupt services across a large area. 
· Low Hazard Potential — A structure has low hazard potential if its failure or misoperation would solely cause damage to the dam owner's property. The danger classification does not indicate the likelihood of failure. Instead, it gives specialists an estimate of the severity of the disaster that will occur if the dam fails.
[bookmark: _Toc97504711][bookmark: _Toc103543843][bookmark: _Toc104985167]General dam failure mechanisms
Dam and levee safety may be jeopardized during extreme weather occurrences. Increased water flow boosts the reservoir level when an area gets a lot of rain in a short period. If all goes according to plan, the surplus water will be diverted via your spillway or gates. The dam is under increased weight and pressure due to the reservoir's rapid rising. The stress may exceed any previous levels, exposing and creating new weak areas [60]. Extreme pressure could lead to structural instability or even catastrophic failure. Dams can also fail as a result of earthquakes, landslides, equipment failure, structural damage, or sabotage. Dam failures can be avoided by having the proper knowledge at the right moment to make decisions [61]. 
When it comes to dam building, safety, maintenance, and operation, professionals must keep a few things in mind: 
· Overtopping. Overtopping occurs when the water level rises above the dam’s and spillway’s capacity, whereby the water rushes over the top of the dam [62–65]. Water levels cover the top of the dam and then spill down the other side when it overflows. The water speeds rapidly, exerting an erosive force against the dam’s edge. This rapid flow outside of its confines has the potential to cause structural damage and failure. The dam’s entire structure could be destroyed by the force of the water [66]. 
· Seepage. Dams rarely stop all of the water flowing through them. Water may pass through the earth where it reaches the dam building in small amounts. The phreatic surface is the point at which the soil of an earth dam or levee is no longer wet. The water table usually coincides with this wet-dry line [67]. 
· Failure of the Piping. Pressure from the added water weight may reduce the phreatic surface as reservoir levels rise due to flash floods. The increased pressure may be enough to erode a channel from a reservoir to the downslope through the dam. This freshly carved path functions as a pipe. The greater surface area that the water passes over will be prone to saturation and erosion as it flows through this earthen pipe. The crack may widen, resulting in structural instability [68]. 
· Failure of the Slope. During a flood, the phreatic surface rises as the earth gets increasingly saturated. If the phreatic surface collides with the dam's downstream slope, the dam may fail partially or completely [69]. 
[bookmark: _Toc97504712][bookmark: _Toc103543844][bookmark: _Toc104985168]Stormwater estimation methods
[bookmark: _bookmark3]In order to evaluate drainage design, it is necessary to investigate the peak flow rate and volume of stormwater runoff created in a watershed for a certain storm event. Storm drainage and flood control systems are sized, configured, and operated in large part by the size of the rainfall event, the type of flow condition, and the flow rate of the runoff. As engineering design choices, a variety of approaches for calculating runoff have been created and explored [70]. 
A variety of runoff computation methodologies and procedures are have been in application in the field of storm drainage and flood control systems, including:
· The Rational Method [27]. 
· Technical Release – 55 Synthetic Hydrograph Method [71]. 
· Regional Regression Equations from the USGS [72]. 
The two most frequent drainage methods are the Rational Method and the SCS. Generally, Rational formula is often employed when only the peak flow rate or total volume of runoff is required at a design point (e.g., storm sewer sizing or simple detention basin sizing). The SCS technique is employed for larger watersheds and when a hydrograph of the storm event is desired (e.g., sizing large detention facilities) [73]. Table 1.1 shows the watershed size limits and/or ranges for each analysis method. 
[bookmark: _Ref98102371][bookmark: _Toc104985558][bookmark: _Toc103544232]Table 1.1 – Applicability of watershed size for peak runoff calculations [74]
	Sise of the watershed in acres 
	Drainage methods that can be used

	From 0 to 30
	Rational Method

	From 30 to 2000
	SCS Method

	From 2000 and more
	Modeling using computers



[bookmark: _Toc97504713][bookmark: _Toc103543845][bookmark: _Toc104985169]Rational formula approach
This approach can be used to examine the design storm runoff in urban watersheds that are not complex and are often 30 acres or less in size. The Rational Method can give satisfactory results for the design of urban storm sewers and modest on-site detention facilities if properly understood and applied. The Rational Method is founded on the Rational Formula, which can be written using Equation (1.1) [75]:
	
	
	[bookmark: _Ref103551857](1.1)


[bookmark: _bookmark5]Whereby: 
Q – peak rate of runoff in. 
ki – adjustment multiplier for design storm recurrence interval.
C – runoff coefficient – accounting for the land surface properties.
I – average rainfall intensity, for some time equivalent to the critical time of complete contribution of the drainage area under consideration. The "time of concentration" tc, is a term used to describe the critical period for the full contribution. 
A – area in acres that contributes to runoff at the point of design or the point under consideration.
[bookmark: _bookmark7][bookmark: _Toc97504714][bookmark: _Toc103543846][bookmark: _Toc104985170]Rational Method calculation procedure
The following is the general technique for Rational Method calculations for a single watershed according to the City of Bella Vista drainage criteria manual [74]: 
· Draw a line around the watershed's perimeter and calculate its area in acres. 
· Define the flow channel from the watershed's hydraulically farthest point to the design point. 
· Calculate the watershed's time of concentration, tc. 
· Using the computed tc and the rainfall intensity-duration-frequency information, determine the rainfall intensity, I, for the design storm. 
· Calculate C, the runoff coefficient. 
· Calculate the watershed's peak flow rate.
[bookmark: _bookmark8][bookmark: _Toc97504715][bookmark: _Toc103543847][bookmark: _Toc104985171]Assumptions used in the rational method
The following are the basic assumptions that go along with using the Rational Method: 
· The average rainfall rate for the watershed throughout the time of concentration determines the estimated peak rate of surface runoff to the design point. 
· The time of concentration is the most important factor in establishing the design rainfall intensity, and it is equal to the entire period required by the water to move from the catchment's farthest point to the design point. 
· Throughout the storm event, the runoff coefficient, C, remains constant. 
· During a storm event, the rate of rainfall, or rainfall intensity, remains constant and is evenly distributed over the watershed. 
· The rainfall depth considered is the amount that falls between the commencement of the storm and the moment of concentration. The average rainfall intensity for that period is derived from the design rainfall depth. 
· When the entire region contributes to flow, the largest runoff rate occurs. In this case, a combination of high-intensity development and a shorter time of concentration within a section of a catchment always produces a higher rate of maximum runoff in comparison to the entire catchment with a long time of concentration; in that matter, this assumption must be updated.
[bookmark: _bookmark9][bookmark: _Toc97504716][bookmark: _Toc103543848][bookmark: _Toc104985172]Limitations of the rational formula
The Rational Method is appropriate for approximating the peak rate of runoff from a design rainstorm in a certain watershed zone. The Rational Method's biggest flaw is that it usually only produces one point on the runoff hydrograph. When areas grow complex, such as when sub-watersheds meet, the Rational Method tends to overestimate real flow, resulting in drainage facility oversizing. The Rational Method does not provide any direct information that would be required to route hydrographs through drainage infrastructure. For a variety of reasons, the Rational Method is confined to small areas. For example, good design practice demands the routing of hydrographs for larger watersheds in order to construct an economically effective design [75]. 
Moreover, in the Rational Method, it is commonly assumed that all design flow is collected at the design point, with no water bypassing or flowing overland to the next design point in the traditional design approach; this is another disadvantage. This, however, is a limitation of the design approach rather than the Rational Method. When studying an existing system that is under-built or the effects of a severe storm on a system planned for a moderate storm, the Rational Method must be changed, or another method of analysis must be utilized [73,75].
[bookmark: _bookmark10][bookmark: _Toc104985173][bookmark: _Toc97504717][bookmark: _Toc103543849]Runoff coefficient 
The integrated impacts of infiltration, detention storage, evaporation, retention, flow routing, and an interception, all of which affect the period of distribution and peak rate of runoff, are represented by the runoff coefficient (C). The rainfall that runs off is influenced by:
· The ground surface's relative porosity or imperviousness. 
· The slope of the ground.
· The ponding tendency of the surface. 
Over 100 % drainage will occur after impervious surfaces, such as asphalt pavements and building roofs, have become sufficiently wet, independent of the slope. Aerial photographs and on-site inspections aid in defining the types of surfaces in the drainage zone, as well as computing the runoff coefficient [73].
[bookmark: _Toc103543850][bookmark: _Toc104985174]Soil characteristics
The C, in the formula, is also influenced by the qualities of the surface soil. The type and condition of the soil determine its ability to absorb precipitation. When rain falls for a long time, the pace at which the soil absorbs it slows down. The rate of soil absorption or infiltration during a rainfall event is influenced by [76]:
· Before a rain, the level of soil saturation (antecedent moisture condition).
· One of the elements to examine is the quantity of precipitation as well as the proximity to groundwater.
· The porosity of the subsoil and the degree of soil compaction.
· Surface topography, vegetation, and ground slopes.
[bookmark: _Toc97504719][bookmark: _Toc103543851][bookmark: _Toc104985175]Selection of runoff coefficients
[bookmark: _bookmark12][bookmark: _bookmark13][bookmark: _Hlk91635743]As briefely highlighted in the previous statements, the runoff coefficient (C) is a one-dimensional factor used to convert rainfall amounts to runoff (Table 1.2) [77]. It represents the sum of catchment losses, and its selection process is greatly affected by:
· The type of the land surface.
· Slope.
· Saturation level. 
· Rainfall intensity. 
[bookmark: _Ref98102404][bookmark: _Toc104985559][bookmark: _Toc97077183][bookmark: _Toc103544233] Table 1.2 – C specific land uses and zoning [77]
	Definition
	Runoff Coefficient, C

	A large open area
	0.40

	Cultivated
	0.40

	Residential Property
	0.45

	Single-family residence
	0.55

	Two-Family Residence
	0.65

	Multi-Family Housing
	0.75

	Manufactured Home, Residential
	0.70

	Commercial District in the Neighborhood
	0.90

	Commercial District (Light)
	0.90

	Commercial District (Central)
	0.90


Table 1.3 presents some Frequency Factor Multipliers for Runoff Coefficients based on different return periods.
[bookmark: _bookmark15][bookmark: _Ref98102432][bookmark: _Toc104985560][bookmark: _Toc97077184][bookmark: _Toc103544234][bookmark: _Hlk91635772]Table 1.3 – Frequency Factor Multipliers for Runoff Coefficients [77]
	Recurrence Interval (years)
	Adjustment Multiplier (ki)

	1 to 10
	1.0

	25
	1.1

	50
	1.2

	100
	1.25


[bookmark: _bookmark16][bookmark: _Toc97504720][bookmark: _Toc103543852][bookmark: _Toc104985176]Rainfall Intensity
[bookmark: _bookmark17][bookmark: _Hlk91635821]Rainfall intensity (I), is the design rainfall rate for a specific drainage basin or sub-basin of a watershed. The intensity of rainfall, is calculated using an intensity-duration-frequency formula (IDF) chart for a given return period. The design intensity of rainfall can be interpolated using tabulated data after the moment of concentration is known [78].
[bookmark: _bookmark18][bookmark: _Toc97504721][bookmark: _Toc103543853][bookmark: _Toc104985177]Drainage area
When utilizing the Rational Method, the drainage area (A) is usually measured in acres [79]. Where topographic data has changed, or the contour interval is too great to distinguish the exact direction of overland flows, drainage areas should be computed using planimetric topographic maps, augmented by field surveys. Field surveys are sometimes used to confirm the flow of water through culverts and other drainage systems [80].
[bookmark: _bookmark19][bookmark: _Toc97504722][bookmark: _Toc103543854][bookmark: _Toc104985178]Time of concentration
The time of concentration (tc) is best characterized as the time taken by water to flow from the farthest point within a watershed to the design point where peak runoff is sought [81]. The most important period of concentration (critical) is the time for the runoff hydrograph to reach its peak at the design point. When the entire watershed region is contributing to flow, runoff from a watershed usually reaches a peak. As a result, the flow time from the most remote region within a catchment or watershed to the design point is assumed to represent the crucial time of concentration [82–86]. Because the type of flow, ground slopes, soil types, surface treatments, and better conveyances all affect flow velocity and time of flow, a trial-and-error approach should be utilized to choose the most remote location of a watershed. One or a mix of these types of flow carry water across a watershed:
· Overland flow.
· A flow that is concentrated and shallow.
· Channelized flow (gutters, storm sewers, open channels). 
For both urban and non-urban areas, the time of concentration (tc), is described by the Equation [81].
	
	
	(1.2)


Whereby:
tc – time of concentration (minutes); to – overland flow time (minutes); ts – shallow concentrated flow time (minutes); tt – channelized flow time (minutes).
[bookmark: _Hlk91635845]Urban areas are defined as densely inhabited places in which the proximity of streets, parking lots, and rooftops create a condition in which the collective runoff area is more impervious than not. Farmland, open pastures, and woodlands make up the majority of non-urban areas, which are less inhabited and more rural. Because of the combination of agricultural land, the collective runoff region is always more pervious [87].
[bookmark: _Toc103543855][bookmark: _Toc104985179][bookmark: _Toc97504723]Soil Conservation Service Method 
[bookmark: _Toc103543856][bookmark: _Toc104985180]General overview
The synthetic hydrograph method (SCS Curve Number Method)- Technical Release – 55 Synthetic Hydrograph was created primarily for usage in urbanized and urbanizing areas [88]. This method can be used to analyze watersheds with several subareas and complex runoff patterns. The method is particularly effective for measuring changes in runoff volume as a result of development, as well as for evaluating and designing runoff control strategies [89]. In all circumstances where the watershed being developed is characterized by complicated runoff patterns and site characteristics and/or is bigger than 30 acres but less than 2000 acres, the SCS approach as specified above shall be applied. Areas with constantly shifting surface types, a collection of distinct flow types, multiple impediments interfering with the runoff's direction and flow type, and so on, are all examples of complex runoff patterns and site conditions. When two or more distinct interacting sub-basins are found in a watershed that fits the above criteria, the watershed is referred to as complex. As for the Rational Technique employs runoff curve numbers to directly relate runoff to rainfall levels, this method does as well (CNs). Equation (1.3) represents runoff, Q, using the SCS method [90].
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Whereby: Q – denotes runoff; P – denotes rainfall depth for the design storm; S – denotes probable maximum retention after a runoff; Ia – denotes initial abstraction.
All losses before runoff are accounted for in the initial abstraction (Ia). Although Ia is highly variable, it is often connected to soil and cover characteristics. USDA NRCS used research of numerous small agricultural watersheds to build a link between Ia and S [91]. In the SCS runoff formula, the empirical relationship is:
	
	
	[bookmark: _Ref103552258](1.4)


Combining Equations (1.3) and (1.4):
	
	
	(1.5)


S through the CN, is linked to the soil as well as all the cover characteristics. The range of CN is 0 to 100, and S is proportional to CN.:
	
	
	(1.6)


The above-highlighted Equations can be solved using Figure 1.1 and Table 1.4  for a range of CNs and rainfall. 
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[bookmark: _Ref98102296][bookmark: _Toc104985388][bookmark: _Toc98085870][bookmark: _Toc97428195][bookmark: _Toc103544065][bookmark: _bookmark41]Figure 1.1 – Curve for runoff equation application [92]
An arithmetic interpolation can be used to calculate runoff depths for CNs, and other rainfall amounts not shown in Table 2.4. 
[bookmark: _Ref98102456][bookmark: _Toc104985561][bookmark: _Toc97077185][bookmark: _Toc103544235]Table 1.4 – Ready-computed runoff depths from some of the CNs and rainfall amounts [92]
	
Rainfall (P) (mm)
	Curve Number (CN)

	
	40
	45
	50
	55
	60
	65
	70
	75
	80
	85
	90
	95
	98

	
	mm

	25
	0
	0
	0
	0
	0
	0
	0
	0
	3
	5
	8
	15
	20

	30
	0
	0
	0
	0
	0
	0
	0
	3
	5
	8
	13
	18
	25

	36
	0
	0
	0
	0
	0
	0
	3
	3
	5
	10
	15
	23
	30

	41
	0
	0
	0
	0
	0
	3
	3
	5
	8
	13
	20
	28
	36

	46
	0
	0
	0
	0
	0
	3
	5
	8
	10
	18
	23
	33
	41

	51
	0
	0
	0
	0
	3
	3
	5
	10
	15
	20
	28
	38
	46

	64
	0
	0
	0
	3
	5
	8
	13
	18
	23
	30
	38
	51
	58

	76
	0
	0
	3
	5
	8
	13
	18
	25
	33
	41
	51
	64
	71

	89
	0
	3
	5
	10
	13
	20
	25
	33
	41
	51
	64
	74
	84

	102
	3
	5
	8
	13
	20
	25
	33
	43
	51
	64
	74
	86
	97

	114
	3
	8
	13
	18
	25
	33
	43
	53
	64
	74
	86
	99
	109

	127
	5
	10
	18
	25
	33
	43
	51
	64
	74
	86
	99
	112
	122

	152
	13
	20
	28
	38
	48
	61
	71
	84
	97
	109
	124
	137
	147

	178
	20
	30
	43
	53
	66
	79
	91
	107
	119
	135
	147
	163
	173

	203
	33
	43
	58
	71
	84
	99
	114
	127
	142
	157
	173
	188
	198

	229
	43
	58
	74
	89
	104
	119
	135
	152
	168
	183
	198
	213
	224

	254
	56
	74
	91
	107
	124
	142
	157
	175
	191
	208
	224
	239
	249

	279
	71
	89
	109
	127
	145
	163
	180
	198
	216
	231
	249
	264
	274

	305
	86
	107
	127
	147
	168
	185
	206
	224
	241
	257
	274
	290
	300

	330
	102
	124
	147
	168
	188
	208
	229
	246
	264
	282
	300
	315
	325

	356
	119
	142
	168
	188
	211
	231
	251
	272
	290
	307
	325
	340
	351

	381
	135
	163
	188
	211
	234
	254
	277
	295
	315
	333
	348
	366
	376


[bookmark: _bookmark42][bookmark: _Toc97504724][bookmark: _Toc103543857][bookmark: _Toc104985181]Design Storm Data
[bookmark: _bookmark43][bookmark: _bookmark44]For various design storm recurrence intervals, the SCS approach is based on 24-hour rainfall levels (e.g., 1-year, 10-year, or 100-year storm events) [93].
[bookmark: _Toc97504725][bookmark: _Toc103543858][bookmark: _Toc104985182]Determination of Runoff Curve Number (CN)
The CN determines how much runoff will occur, given a particular amount of rainfall. The CN value for a watershed is determined by the HSG, cover type and hydrologic state, and antecedent moisture condition [94–96]. An area-weighted CN should be determined for watersheds with diverse soil types or land uses. For modeling reasons, the watershed should be divided into separate drainage zones where there are major changes in land use or natural control points. The sections that follow go through the components that contribute to determining CN values and their link to runoff [97].
[bookmark: _bookmark46][bookmark: _Toc97504726][bookmark: _Toc103543859][bookmark: _Toc104985183]The perspective of the Hydrologic Soil Group
· Soils are divided into four types based on their hydrologic properties (A, B, C, or D) (HSG). The HSG of soil reveals the bare-soil minimum rate of infiltration after prolonged wetness. Infiltration rates are highest in Group A soils and lowest in Group D soils. The pace of water penetration in the soil is governed by the type of cover on the soil surface. TR-55 defines the four HSGs as follows [98]: 
· HSG A – Even when completely saturated, soils have minimal potential for surface runoff as well as possessing high rates of infiltration or permeability. They are primarily made up of deep, well-to-extremely well-drained sand or gravel with a high water transmission rate. 
· HSG B – When thoroughly wetted, (silt loam or loam), these types of HSGs are known to possess moderate permeability rates and are primarily composed of sufficeintly-drained soils. The water transmission rate in these soils is moderate.
· HSG C – When thoroughly wetted, (sandy clay loam), these particular types of HSGs are well-known to be of low permeability rates and are mostly composed of soils with a surface that hinders water from moving downhill. 
· HSG D – Have significant runoff potential. They are generally chronic as well as shallow soils over extremely impermeable material, and when thoroughly wetted, they have very poor infiltration rates. The rate of water transport in these soils is extremely low.
It should be remembered that any disturbance to a soil profile might alter infiltration properties dramatically. As a result, the HSG should be raised one level in places where the soil profile has been disrupted (i.e., from A to B, B to C, or C to D) [99].
[bookmark: _bookmark47][bookmark: _Toc104985184]Surface coverage and hydrologic pattern of a watershed
Field reconnaissance, aerial photography, and land use maps are some of the most frequent methods for assessing cover type. Predicted cover types should also be addressed in runoff analysis based on the current zoning and future land use plan [100]. 
The impacts of cover type on infiltration and runoff for a specific HSG are determined by plant density on sample sites, with higher plant density indicating higher infiltration rates. For that specific HSG and cover type, a "good" hydrologic condition means the soil has a low runoff potential [101]. 
[bookmark: _bookmark48][bookmark: _Toc97504728][bookmark: _Toc103543861][bookmark: _Toc104985185]Antecedent Moisture Condition
[bookmark: _Hlk97947628]The gauge of surface runoff beforehand a storm is called the antecedent moisture condition (AMC). Because the AMC takes into consideration the degree of soil saturation at the start of a rainstorm, the CN must be altered to reflect more accurate runoff conditions. All of the numbers in Table 1.5 and Table 1.6 are AMC II (median moisture conditions) and should be used for design purposes. If necessary, AMC I (dry circumstances) and AMC III (wet conditions) adjustments can be made [102].
[bookmark: _bookmark49][bookmark: _bookmark50][bookmark: _Toc97504729][bookmark: _Toc103543862][bookmark: _Toc104985186]Connected impervious areas
If runoff from an impermeable region runs directly into the drainage system, it is considered linked. If runoff from the land occurs as a concentrated shallow flow that flows over an impervious area and subsequently into the drainage system, it is also termed linked. 
[bookmark: _bookmark51][bookmark: _Toc97504730][bookmark: _Toc103543863][bookmark: _Toc104985187]Unconnected impervious areas
Sheet flow is the dispersion of runoff from unconnected impermeable regions over a pervious area. When the impervious land, in whole or in part, is not immediately connected to the drainage system, Figure 1.2 is used for runoff estimation (the total impervious area is less than 30%) or Figure 1.3 when the total impervious area is equal to or greater than 30%, because the remaining pervious areas' absorptive capacity will not significantly affect runoff [103]. 
As previously mentioned, Table 1.5 shows some estimated impervious area percentages for urban areas, while Table 1.6 shows some estimated impervious area percentages for non-urban areas [104]. 
[bookmark: _bookmark52][bookmark: _Ref98102515][bookmark: _Toc104985562][bookmark: _Toc97077186][bookmark: _Toc103544236]Table 1.5 – Runoff Curve Numbers  for urban areas [92]
	Definition of cover
	CN for Hydrologic Soil Group

	Type of cover
	Percentage of impervious area on average 3
	
A
	
B
	
C
	
D

	1
	2
	3
	4
	5
	6




Continuation of table 1.5
	1
	2
	3
	4
	5
	6

	Open Areas

	Relatively poor condition (grass cover less than 50%)
	-
	68
	79
	86
	89

	The surface occupied by grass cover ranging from 50% to 75% of the land is in fair condition
	-
	49
	69
	79
	84

	75 % or more of the region has a decent grass cover 1
	-
	39
	61
	74
	80

	Areas that are impervious

	Paved parking lots, roofs, and driveways, among other things
	-
	98
	98
	98
	98

	Streets and roads

	Curbs and storm sewers are paved
	-
	98
	98
	98
	98

	Paved roads with open ditches
	-
	83
	89
	92
	93

	Gravel 
	-
	76
	85
	89
	91

	Dirt 
	-
	72
	82
	87
	89

	Urban Districts

	Business and Commercial
	85
	89
	92
	94
	95

	Industrial
	72
	81
	88
	91
	93

	Residential Districts by Lot Size Average 2

	A plot of land of no more than an eighth of an acre (townhouses)
	65
	77
	85
	90
	92

	a quarter-acre
	38
	61
	75
	83
	87

	One-third of an acre
	30
	57
	72
	81
	86

	a half-acre
	25
	54
	70
	80
	85

	One acre
	20
	51
	68
	79
	84

	Two acres
	12
	46
	65
	77
	82

	Developing Urban Areas

	Areas that have recently been graded (pervious areas only, no vegetation)
	-
	77
	86
	91
	94


Note:
AMC II as well as Ia = 0.2*S
1 Grazing is kept at bay, and litter and brush cover the soil.
2 The curve numbers are calculated assuming that all runoff from the home and driveway is diverted to the street, with just a little amount of roof water being directed to lawns, where extra infiltration may occur.
3 For these curve numbers, the remaining pervious regions (lawn) are regarded to be in good pasture condition.
[bookmark: _bookmark53][bookmark: _Ref98102690][bookmark: _Toc97077187][bookmark: _Toc103544237][bookmark: _Toc104985563]Table 1.6 – Runoff CN for non-urban areas  [92].
	Cover description
	CN for Hydrologic Soil Group

	Cover type and hydrologic condition
	
	A
	B
	C
	D

	Idle Lands (not yet developed)
	
	
	
	
	

	Pasture, Grassland, or Range: continuous
forage for grazing1.
	Poor
	68
	79
	86
	89

	
	Fair
	49
	69
	79
	84

	
	Good
	39
	61
	74
	80

	Meadow: continuous grass, protected from
grazing and generally mowed for hay.
	-
	30
	58
	71
	78

	Brush: brush-weed-grass mixture2.
	Poor
	48
	67
	77
	83

	
	Fair
	35
	56
	70
	77

	
	Good
	30 3
	48
	65
	73

	Woods: grass combination (orchard or tree
farm)4
	Poor
	57
	73
	82
	86

	
	Fair
	43
	65
	76
	82

	
	Good
	32
	58
	72
	79

	Woods5
	Poor
	45
	66
	77
	83

	
	Fair
	36
	60
	73
	79

	
	Good
	30 3
	55
	70
	77

	Farmsteads: buildings, lanes, driveways, and surrounding lots.
	-
	59
	74
	82
	86


Note:
AMC II as well as  Ia = 0.2*S
1 Poor:  approximately 50% ground cover or extensively grazed with no mulch.
Fair:	ground cover of 50 to 75 % and not extensively grazed.
Good: >75% ground cover and only moderately or infrequently grazed.
2 Poor: a ground cover of at least 50%.
Fair:	between 50 and 75 % of the earth is covered.
Good: >75% of the ground is covered.
3 Use CN = 30 for runoff calculations if the actual CN is less than 30.
4 The CNs displayed were calculated for areas with 50% wood and 50% grass (pasture) cover. From the CNs for forests and pasture, other combinations of circumstances can be calculated.
5 Poor: heavy grazing or regular burning destroys forest trash, tiny trees, and bushes.
Fair:	The woods are grazed but not burned, and the land is covered in forest litter.
Good: Grazing is prohibited in the woods, and litter and brush adequately cover the soil.

[image: ]
[bookmark: _Ref98102796][bookmark: _Toc104985389][bookmark: _Toc98085872][bookmark: _Toc97428197][bookmark: _Toc103544067]Figure 1.2 – Composite CN with Unconnected Impervious Areas and Total Impervious Areas Less than 30% [92]
[bookmark: _bookmark54][image: ]
[bookmark: _Ref98102810][bookmark: _Toc104985390][bookmark: _Toc98085871][bookmark: _Toc97428196][bookmark: _Toc103544066]Figure 1.3 – Composite CN with Connected Impervious Area [92]
[bookmark: _bookmark55][bookmark: _bookmark56][bookmark: _Toc97504731][bookmark: _Toc103543864][bookmark: _Toc104985188]Limitations on use of SCS method
· When there are considerable differences in CN values between watershed subareas and runoff volumes are smaller for CN values less than 60, do not utilize the SCS approach. 
· When runoff is less than 1/2-inch, the CN technique is less precise. When this happens, utilize another approach to determine runoff as a precaution. 
· For watersheds with many subareas with concentration durations less than 6 minutes, the SCS approach should not be used. Subareas should be pooled in these circumstances to achieve a concentration time of at least 6 minutes (0.10 hours) for the combined areas. 
· Curve numbers are used to describe average conditions for design purposes. When a historical storm is used as a rainfall event, the modeling accuracy suffers. 
· While re-creating certain elements of a real storm, use caution when using the runoff curve number equation. Because the equation lacks a time expression, it is unable to account for rainfall duration or intensity. 
· The USDA NRCS developed the initial abstraction relationship, Ia = 0.2*S (which covers interception, initial infiltration, surface depression storage, evapotranspiration, and other parameters) using data from agricultural watersheds (where S is the potential maximum retention after runoff begins). In actuality, different combinations of impervious and pervious areas, as well as different storage features, do not result in all watersheds (urban and non-urban) having the same Ia. 
· These methods cannot be used to estimate runoff from snowmelt or rain on frozen ground. 
· [bookmark: _Hlk97947807]The techniques of the SCS approach are only applicable to direct surface runoff. Large sources of subsurface flow or high groundwater levels that contribute to runoff should not be overlooked. These circumstances are frequently linked to HSG A soils and forest regions with low CN values in Table 1.5 and Table 1.6. Adjusting CNs when conditions warrant requires good judgment and experience based on stream gauge information. 
· Use a different approach to determine runoff when the weighted CN is less than 40.
[bookmark: _bookmark57][bookmark: _Toc97504732][bookmark: _Toc103543865][bookmark: _Toc104985189]Computer Modeling
[bookmark: _Hlk97947832][bookmark: _Hlk97947846]For the drainage calculations/methods previously stated, the use of contemporary computer models by qualified engineers is allowed due to the high number of computations needed in runoff calculations and routing. The Hydrologic Engineering Center (HEC) of the United States Army Corps of Engineers (USACE) has developed computer programs that can be downloaded from the USACE hydrologic website (http://www.hec.usace.army.mil/) and applied to some of the drainage methods. The USACE offers a program called HEC-HMS [105]. The NRCS also offers versions of TR-20 and TR-55 that allow users to input rainfall distributions and execute appropriate detention and channel routing processes [106]. The HEC-HMS, TR-55, and TR-20 models are free to download from the organizations that created them. Commercial tools like StormCAD [107], StormNET [108], and others can be used to evaluate the drainage strategies discussed in this chapter. The design engineer is responsible for understanding the methodologies used in the commercial software and ensuring that the software's outcomes match and correspond to the approach. 
[bookmark: _Toc97504733][bookmark: _Toc103543866][bookmark: _Toc104985190]Embankment dams
[bookmark: _Toc103543867][bookmark: _Toc104985191]General overview
Dams should have a top width of at least 2.4 m to 3.7 m, depending on their height. Dams that are less than 3.7 m tall must have a 2.4 m top width. Dams between 3.7 m and 4.6 m tall require a 3 m top width, whereas those over 4.6 m tall require a 3.7 m top width. The dam should be at least 4.9 m wide at the top if it is to be used as a road [109]. 
Dams must be cored with clay to avoid seepage in various regions due to soil characteristics (Figure 1.4). On the waterside, the dam should have a slope of no more than 3:1. A 4:1 slope on the rear allows it to be mowed and maintained securely. A dam with a 3:1 slope, for example, will rise 0.3 m for every 0.9 m of horizontal measurement [109].
[image: Image described in text. ]
[bookmark: _Ref98102845][bookmark: _Toc104985391][bookmark: _Toc98085873][bookmark: _Toc97428198][bookmark: _Toc103544068]Figure 1.4 – A typical example of an embankment dam [110]
[bookmark: _Hlk97947883]For proper management, a combination drain and overflow pipe, as well as an emergency spillway, are required. It is critical that the drainpipe be installed on the pond's bottom so that the pond may be entirely drained. A drain is required to effectively manage the pond. The overflow pipe is where the pond's typical water flow exits. The emergency spillway is an area on one side of the dam that is lower than the top of the dam and is used to safely release excess runoff from heavy rainfall [111]. Corrugated metal, aluminum, steel, or polyvinyl chloride can be used for overflow and drainpipes (PVC) (Figure 1.5). PVC pipe, for example, is affordable yet prone to breakage and vandalism [112]. 
[image: Image described in text. ]
[bookmark: _Ref98102897][bookmark: _Toc104985392][bookmark: _Toc98085874][bookmark: _Toc97428199][bookmark: _Toc103544069]Figure 1.5 – Overflow pipe description [112]
[bookmark: _Toc97504734][bookmark: _Toc103543868][bookmark: _Toc104985192]Design of earthen dam components
An earthen dam's preliminary design is based on previous experience with comparable types of dams. For this aim, empirical formulae are also used. Prior to construction, the following components of an earthen dam are given top priority [113]. 
The following are the key components of the earth dam: 
· Width at the top. 
· Boarding is available for free. 
· A trench that has been cut off. 
· The impenetrable core in the center. 
· Outer shell or casing. 
· Foundations and internal drainage system. 
· Surface drainage Slope protection. 
· A blanket that is impenetrable. 
· The spillway's design.
[bookmark: _Toc97504735][bookmark: _Toc103543869][bookmark: _Toc104985193] Top width
The following factors are used to determine the top width of an earthen dam: 
· The type of fill material utilized in the construction of the embankment, as well as the maximum permissible percolation through the embankment at normal reservoir levels. 
· The dam's height and significance. 
· The dam's practicability. 
· Shielding against earthquakes and tidal waves. 
The dam's top width is determined by its height. At full reservoir capacity, the minimum top width should be able to produce a safe percolation gradient. The width of the embankment is calculated using the method below, which is based on the height of the dam [114]. 
Dams with a relatively low embankment:
	
	
	(1.7)


Dams having a height of less than 30 m are eligible:
	
	
	(1.8)


Embankment dams with H>30: 
	
	
	(1.9)


[bookmark: _Hlk97947908]Whereby: W – Top width of the dam, m; H – Height of the dam, m. The top breadth of the dam should be at least 6 meters, according to Indian standards [114].
[bookmark: _Toc97504736][bookmark: _Toc103543870][bookmark: _Toc104985194]Free board
The freeboard can be defined as the vertical distance between the top of the embankment and the highest water level in the reservoir. Based on the water level, the freeboard is separated into two categories: normal freeboard and minimum freeboard. A normal freeboard is a difference in elevation between the top of the embankment and the ordinary reservoir level. The minimum freeboard is the elevation difference between the top of the embankment and the highest water level in the reservoir [115]. 
Surcharge head is the difference between the usual and the minimal freeboard. To reduce the risk of overtopping, a sufficient freeboard must be provided while determining the height of the dam [115]. 
Table 1.7 – Recommended values of freeboard [115] shows the recommended freeboard values based on the nature of the spillway and the height of the dam. 
[bookmark: _Toc104985564][bookmark: _Toc97077188][bookmark: _Toc103544238][bookmark: _Ref98102924]Table 1.7 – Recommended values of freeboard [115]
	Nature of spillway
	Height of dam
	Freeboard

	Free spillway
	Any
	Over the maximum flood level by a minimum of 2 m and a maximum of 3 m

	Controlled spillway
	60 m or less
	2.5 meters above the gates' tops

	Controlled spillway
	More than 60 m
	3 m above the gates' tops


[bookmark: _Toc97504737][bookmark: _Toc103543871][bookmark: _Toc104985195]Cutoff trench
The main purpose of a cutoff trench in an earth-fill dam is to prevent the loss of stored water via seepage through the foundation and abutment. Furthermore, it prevents piping-related sub-surface erosion. Detailed geological investigations should be used to determine the sort of cut-off. It's preferable to have a positive cut-off point. If complete cut-off with or without an upstream impervious blanket is not achievable, partial cut-off with or without an upstream impervious blanket may be given. In any event, suitable drainage could be installed downstream. For the design of cut-offs, the following guidelines might be used [116]:
· The cut-off shall be located such that its centerline should be within the base of the impervious core and should be upstream of the centerline of the dam.
· The positive cut-off should be keyed at least to a depth of 0.4 m into continuous impervious sub-stratum or non-erodible rock formation.
· It is recommended that the bottom breadth be at least 4.0 meters.
· In the event of overburden, side slopes of at least 1:1 or flatter may be provided, while in soft rock and hard rock, 1/2:1 and 1/4:1 may be provided.
· The backfill material for the cut-off trench shall have the same properties as those specified for the impervious core.
· The cut-off in the flanks on either side should normally extend up to the top of the impervious core.
· If a cut-off trench ends in worn rock with cracks, joints, and crevices, and the percolation test shows a lugeon value of more than 10, the rock foundation beneath the cut-off trench bed should be grouted.
A cutoff reduces seepage while also enhancing stability [117]. Regardless of whether stable clay or another material is used, the cutoff trench must be dug to a depth that prevents any conceivable seepage. The cutoff trench should ideally be dug all the way down to solid rock that stretches to enormous depths. If the underlying rock is fissured or uneven, it can be cleaned and concreted to provide a solid foundation for the clay. Slush grouting, which is a thick slurry mix of cement and water injected and broomed into the bigger cracks and fissures before any concrete is set to fill the residual indentations and provide an eventual mostly flat surface, should be used for larger indentations or cracks [118–121]. For more equal surfaces with fewer fractures, a cement wash (a weaker combination of cement and water that forms a creamy texture) can be brushed across the surface to seal it and re-establish a broadly level surface layer.
Generally, minimum width of 4 m is recommended; however, an adequate width of a cut-off trench for small dams can be determined using the following formula [114]:   
	
	
	(1.10)


Whereby:
W – cut-off trench bottom width; h – reservoir head above ground surface; and d – cutoff trench depth below ground level.
1.1.1.1 [bookmark: _Toc97504738][bookmark: _Toc103543872][bookmark: _Toc104985196]Central impervious core
Within the dam's body, the core forms an impenetrable barrier. In general, impervious soils are suited for the core. The following factors are used to design the central impermeable core of an earth dam [122]: 
· The maximum amount of seepage loss that can be tolerated. 
· Dam section width maximum, allowing correct construction of central impervious core. 
· Materials that can be used in construction. 
· The proposed filter's design criterion. 
Because a thick shell provides more resistance to piping action and also increases the formation of cracks, a thinner shell gives comparatively more stability than a thick shell. The core might be located in the center or tilted upstream. A 3 m wide core is typically used at the dam's crest. To prevent seepage due to capillary action, the height of the core should be at least 1 m above the reservoir's maximum water level. The core thickness at any part must not be less than 30% (ideally not less than 50%) of the maximum head of water acting at that section [67].
[bookmark: _Toc97504739][bookmark: _Toc103543873][bookmark: _Toc104985197]Suitable core material
[bookmark: _Hlk97948070][bookmark: _Hlk97948011][bookmark: _Hlk97948026]A soil with lower compressibility and a liquid limit is regarded as a good candidate for core building. On the other hand, soils with high compressibility and a higher liquid limit, as well as organic content, should be avoided because they are prone to swelling and crack formation. Table 1.8 lists the materials that Indian Standard (IS-8826-1978) recommends for core construction in zonal type earthen dams [114].
[bookmark: _Ref98102944][bookmark: _Toc104985565][bookmark: _Toc97077189][bookmark: _Toc103544239]Table 1.8 – Suitable soil for core construction [114]
	The soil type
	Suitability

	15 % of the material (D85) is coarser than 50 mm, and 50% of the material (D50) is coarser than 6 mm in very well-graded sand, gravel, and fines combinations.
	Very good

	D85 coarser than 25 mm, a graded mixture of sand, gravel, and clayey fine. Fine materials made up of inorganic clay (with a plastic index greater than 12) or high plastic tough clay (with a plastic index greater than 20).
	Good

	D85 is greater than 19 mm, and D50 is between 0.5 and 3 mm, gravelly medium to coarse sand with cohesionless particles in a well-graded gravelly medium to coarse sand. Clay with a plastic index of more than 12 is considered medium plastic.
	Fair

	Low plasticity clay with a small coarse percentage. The plastic index is between 5 and 8, and the liquid limit is greater than 25.
Silts with a medium to high plasticity and a small coarse proportion with a plastic index greater than 10.
	Poor


[bookmark: _Toc97504740][bookmark: _Toc103543874][bookmark: _Toc104985198]Casing or outer shell
The purpose of the shell is to provide stability and protection to the core. The casing can be made of reasonably pervious materials that do not break when exposed to the atmosphere directly. The dam's top width should be 4.5 meters (minimum). Berms of greater than 10 meters in height may be constructed for the dam. The minimum berm width should be 3 meters. The embankment's upstream and downstream side slopes are dictated by the features of available materials, foundation condition, dam height, and dam type [123]. Terzaghi's suggested upstream and downstream side slopes are indicated in Table 1.9.
[bookmark: _Ref98102969][bookmark: _Toc104985566][bookmark: _Toc97077190][bookmark: _Toc103544240]Table 1.9  – Recommended side slopes of an earthen dam [124]
	Soil type
	u/s slope
	d/s slope

	Homogeneous well-graded material
	2.5:1
	2:1

	Homogeneous coarse silt
	3:1
	2.5:1

	Homogeneous silty-clay: height < 15 m
	2.5:1
	2:1

	>15 m
	3:1
	2.5:1

	Sand or sand gravel with clay core
	3:1
	2.5:1

	Sand or sand gravel with a reinforced concrete core
	2.5:1
	2:1



[bookmark: _Toc97504741][bookmark: _Toc103543875][bookmark: _Toc104985199]Internal drainage system
It's vital to preserve the original soil particles in place and ensure the dam's stability by managing the seepage water in the dam. Some of the most common ways for safely disposing of seepage water through embankment dams are listed below [125]: Inclined or vertical filter (chimney filter); Horizontal filter; Rock toe; Toe drain.
Sand, gravel, and other locally available materials should be used whenever possible. Only the downstream slope of the core has an inclined or vertical filter. It is kept at least 1.0 m thick. The seepage from the chimney filter and foundation is collected by the horizontal filter and carried to the rock toe and toe drain. It is kept to a maximum thickness of 1.0 m. Filter and neighboring soil (casing or foundation) should meet the standard filter requirement. In dam sections with a water head of less than 3 meters, a chimney filter or a horizontal filter are not required. However, proper toe protection is required. The height of the rock toe is usually given as 0.2 H, where H is the embankment height. However, the minimal height of the rock toe is maintained at 1.0 m. A rock toe is not required when the embankment height is less than 3 meters [126]. 
The toe drain is located at the earth dam's downstream toe to collect seepage from the horizontal filter, rock toe, and foundation and discharge it into suitable surface or subsurface drains. The drain portion should be large enough to carry seepage. To divert seepage to natural drains, the bed of the toe drain should be sloped appropriately. Toe drains are typically 1.5 m deep, with a minimum bottom width of 1.0 m and 1:1 side slopes. With the base material, the filter material must meet the following characteristics [127]:
	
	
	(1.11)

	
	
	(1.12)


Even if a filter meets all of the above criteria, it may still fail if it has an excess or shortage of specific sizes or if it is not graded equally. In such instances, the following requirements must be met [127]:
	
	
	(1.13)


[bookmark: _Toc97504742][bookmark: _Toc103543876][bookmark: _Toc104985200]Slope protection
The protection of the upstream slope is ensured by the use of riprap. Up to the crest of the dam, a minimum of 300 mm thick riprap over a 150 mm thick filter layer may be installed. The protection of the downstream slope is provided by turfing or riprap. It is common practice to provide appropriate turfing on the entire downstream slope from top to bottom to protect the downstream slope from rain [128,129]. 
[bookmark: _Toc97504743][bookmark: _Toc103543877][bookmark: _Toc104985201]Surface drainage
At 50 m center to center, a system of open paved drains (chutes) along the sloping surface, finishing in longitudinal collecting drains at the intersection of berm and slope, shall be erected to drain rainwater for downstream slope surface drainage. The drain section could be trapezoidal, with a depth of 30 cm. Rainwater is collected in a longitudinal collecting drain and channeled through 15cm diameter pipes spaced 50 meters apart onto paved chutes on the downstream slope. The open paved drains should finish at the downstream rock toe or toe drain if no berm has been provided [130].
[bookmark: _Toc97504744][bookmark: _Toc103543878][bookmark: _Toc104985202]Impervious blanket
When full cutoff is not possible in a pervious foundation, the horizontal impermeable blanket is used to increase the path of the seepage. The impervious blanket must be attached to the dam's core. The material should not be excessively plastic to avoid crack formation. To avoid cracking due to exposure to the atmosphere, a 300 mm thick layer of random material should be placed over the blanket. Normally, within the process of a dam design and construction, an application of an impermeable layer of not less than 1 m thick is always recommended for better stability of an embankment [131]. This provides the embankment with a reliable level of capacity to withstand potential failure.
[bookmark: _Toc97504745][bookmark: _Toc103543879][bookmark: _Toc104985203]Design of spillway
Spillway design, which has vitally important dimensions and physical qualities, necessitates the estimation of peak floods. If a suitable spillway of enough size is not available at a particular location or would be too expensive, it is preferable to move on to a better alternative site where spillway conditions may be met. In larger catchments (>5-8 km2), rock spillways are practically required. Good solid rock with sufficient width must be available for all but the smallest dams. Something important to note is that, in a case of a proposed dam that has to be located within a catchment of around 5 km2 coverage, it is recommended to provide not less than 15 m width in conjunction with a 1.5 m freeboard, subject to re-evaluation during the detailed design stage. Local engineers and knowledgeable local people should be consulted if hydrological data and/or design charts are not available. Poor spillway design is more likely than any other element to cause problems in earth dams in southern and western Africa. In some cases, the proposed dam site for an embankment dam does not contain sufficient rocks; in such a scenario, it is in the best interest not to consider further the site for dam construction [132]. 
Grass spillways, whether cut or natural, are best suited to small catchments (up to 5 km2) and low velocity flows, and even then, they may require ongoing care throughout the life of the dam to prevent erosion. Because the ability of vegetation or soil to withstand erosion is limited, it is critical to maintain an even surface and consistent cover. The overall stability of the channel is highly dependent on the stability of the most sparsely covered part; hence a good creeping grass cover should be established throughout [133]. 
The state of the grass cover will have a direct impact on the roughness coefficient of the channel, which is dependent on flow. A low flow meets substantial resistance, whereas a high flow flattens the grass and thus encounters much less resistance. In grass spillways planted to shorter creeping kinds like Kikuyu, couch, and star grasses, the maximum permissible non-erosive velocities are highest. These can provide a homogenous low cover with minimal flow resistance and maximum protection for the soil beneath. A drop-inlet overflow spillway should be planned and located at the opposite end of the embankment to the main spillway, at an elevation on the upstream side of the dam slightly lower (usually 50-100 mm) than the full supply level, where even normal flows are expected to pose an erosion risk. [134]. 
In the embankment type pond, a mechanical spillway is installed to allow water from the storage to be released in a controlled manner. An emergency spillway is constructed on one end of the embankment to prevent the embankment from overtopping owing to unexpected inflows into the storage. The highest flood level projected for the selected frequency of runoff into the pond should be the bottom elevation of the emergency spillway [135]. 
The flow via the emergency spillway for the agricultural pond determines its proportions. If there is sufficient storage capacity above the spillway, the peak flow for the design of the emergency spillway channels is reduced using the weir calculation previously mentioned. Permanent structures are built to function as agricultural pond mechanical spillways. Higher discharges can be handled by the drop spillway than by the drop-inlet [136,137]. 
The drop inlets, on the other hand, provide you with more control over the water in the pond. These structures have the same design and construction as gully control structures. When similar structures are utilized in farm ponds, small alterations are made to them. Surplus weir is a term used to describe the drop structures built into the pond's embankment. On the crest, a row of vertical pillars is sometimes built. When more water is needed, the earth is placed between the pillars to prevent the water from flowing through. A control valve or a sliding headgate is provided to manage the outflow of water in the drop inlet spillway, which is likewise built as a simple pipe culvert. In the case of ponds built for aquaculture, outlet structures are required to drain the water as needed [138].
[bookmark: _Toc97504746][bookmark: _Toc103543880][bookmark: _Toc104985204]Embankment slope stability
Slope stability analysis is critical in engineering practice to maintain structural stability and avoid human life and financial damage [139]. 
The Culmann Method, Ordinary Method of Slices, and Bishop Method of Slices are three typical approaches for analyzing the stability of a slope. Except for the Culmann approach, which assumes a plane surface of failure through the toe of the slope, the other mentioned slope stability analysis methods are based on the premise that the plane of failure is a circular arc [140]. 
The quantitative determination of slope stability is required for a variety of engineering projects, including the design of earth dams and embankments, the analysis of natural slope stability, the analysis of excavated slope stability, and the analysis of the deep-seated failure of foundations and retaining walls [141].
[bookmark: _Toc97504747][bookmark: _Toc103543881][bookmark: _Toc104985205]Causes of slope instability
· Rapid drawdown.
· By soaking the soil, the unit weight of the soil increases.
· Impact from the increased load as a result of external loading.
· Slopes that have been steepened by excavation or erosion.
· Shock loading.
· Impacts of vibrations and earthquakes.
· Elevated soil moisture content.
· Impacts of the freeze-thaw phenomenon.
· Elevated pore pressures in the embankment can also be linked to rapid drawdown.
· Cementing pressure loss.
[bookmark: _Toc97504748][bookmark: _Toc103543882][bookmark: _Toc104985206]The significance of embankment stability analysis in terms of slope
· Recognize how natural slopes evolve and take shape, as well as the mechanisms that cause various natural features.
· Evaluate the slope's stability in both short-term (typically during construction) and long-term situations.
· Assess the likelihood of landslides involving natural or manmade slopes.
· Analyze landslides and understand failure processes and the influence of environmental factors.
· If necessary, redesign failed slopes and plan for the design of preventive and repair measures.
· Research the effects of earthquakes on slopes and embankments.
[bookmark: _Toc97504749][bookmark: _Toc103543883][bookmark: _Toc104985207]Types of slope failure
· Circular slips.
· They are related to homogenous, isotropic soil conditions.
· Non-circular slips.
· Non-circular slips are associated with non-homogeneous soil conditions.
· Translational failure. 
When the form of the failure surface is influenced by the existence of an adjacent stratum of differing strengths, and the adjacent stratum is relatively shallow, this type of failure occurs.
· Failure that is compounded.
It occurs when the existence of a neighboring stratum of various strengths affects the shape of the failure surface, and the adjacent stratum is relatively deep (Figure 1.6) [142].
[image: Types of Slope Failure]
[bookmark: _Ref98103009][bookmark: _Toc97428200][bookmark: _Toc98085875][bookmark: _Toc103544070][bookmark: _Toc104985393]Figure 1.6 – Types of slope failure [142]
[bookmark: _Toc97504750][bookmark: _Toc103543884][bookmark: _Toc104985208]Assumptions for slope stability analysis
· There are problems that are two-dimensional.
· Coulomb's theory can be used to compute shear strength. 
· The shear strength of the slip surface is thought to be uniform. 
· The flow net can be drawn, and the seepage forces are estimated in the event of seepage.
[bookmark: _Toc97504751][bookmark: _Toc103543885][bookmark: _Toc104985209]Factor of safety
A number of safety criteria are taken into account when analyzing slope stability. Consider the safety factor in terms of strength, cohesion, friction, and height, for example. The former is quite well-liked [143].
(a) Factor of safety based on Strength
It's the ratio of a soil's maximum load or stress to the actual load or stress that's applied, and it's written like this [144]:
	
	
	[bookmark: _Ref103556306](1.14)


Equation (1.14) can be tweaked in the following way:
	
	
	(1.15)


Whereby:
 – the amount of shear stress that is delivered to the soil.
At the value of normal stress ;  is the shear stress that a soil can endure at its maximum (Figure 1.7) [145].
[image: Factor of Safety Definition Diagram]
[bookmark: _Ref98103033][bookmark: _Toc104985394][bookmark: _Toc98085876][bookmark: _Toc97428201][bookmark: _Toc103544071]Figure 1.7 – Factor of safety definition diagram [146]
(b) The Factor of Safety in relation to cohesion
The factor of safety in relation to cohesion can be taken into account when the frictional component of strength is fully mobilized and as a result of dividing the real cohesion and the cohesiveness necessary for stability, as stated by Equation (1.16). In summary, is the ratio between actual cohesion and the cohesion required for stability [147,148]:
	[bookmark: _Hlk92410613]
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(c)  Friction-related factor of safety
The factor of safety in relation to friction can be taken into consideration when the cohesive component of strength is fully mobilized; and is therefore a result of dividing the tangent of the soil's shearing resistance angle to the tangent of the soil's mobilized shearing resistance angle (1.17) [149].
	
	
	[bookmark: _Ref103556362](1.17)


(d) The Factor of Safety in relation to height
It is the ratio of a slope's maximal height to the actual height of the slope (1.18) [150].
	
	
	[bookmark: _Ref103556382](1.18)


[bookmark: _Toc97504752][bookmark: _Toc103543886][bookmark: _Toc104985210]Slope stability analysis methods
(a) Culmann Method
It is not extensively utilized because it has been proved that planar sliding surfaces are only observed on very steep slopes and that curved sliding surfaces are most often observed on comparatively flat slopes (Figure 1.8) [151].
[image: Culmann Method of Slope Stability Analysis]
[bookmark: _Ref98103046][bookmark: _Toc104985395][bookmark: _Toc98085877][bookmark: _Toc97428202][bookmark: _Toc103544072]Figure 1.8 – Slope stability analysis using the Culmann method [151]
(b) Shearing Resistance Method at zero angle
The assumption behind this approach of slope stability analysis is that the plane of failure is in the shape of a circular arc. It's a useful technique for determining the short-term stability of wet clay slopes (Figure 1.9) [152].
[image: Forces Involved for the Calculation of Stability of Slopes]
[bookmark: _Ref98103059][bookmark: _Toc104985396][bookmark: _Toc98085878][bookmark: _Toc97428203][bookmark: _Toc103544073]Figure 1.9 – Forces involved in slope stability calculation [153]
(c) Ordinary Method of Slices
When the effective angle of shearing resistance is not constant along the failure surface, as in zoned earth dams where the failure surface may pass through several distinct materials, it is taken into account (Figure 1.10) [154].
[image: Ordinary Method of Analysis][image: Ordinary Method of Analysis]
[bookmark: _Ref98103072][bookmark: _Toc104985397][bookmark: _Toc98085879][bookmark: _Toc97428204][bookmark: _Toc103544074]Figure 1.10 – Ordinary Method of Analysis [153]
(d) Bishop Method of Slices
The analysis in the Bishop technique of slices is done in terms of stresses rather than forces, as in the standard method of slices. The key difference between this method and the Ordinary Method of Slices is that the forces are resolved in the vertical direction rather than the arc's normal direction. The simplified Bishop method of slices yields a safety factor that is quite close to those calculated using more rigorous approaches (Figure 1.11) [155].
[image: Stresses and Forces Acting on a Slice in Bishop Method of Analysis]
[bookmark: _Ref98103092][bookmark: _Toc98085880][bookmark: _Toc97428205][bookmark: _Toc103544075][bookmark: _Toc104985398]Figure 1.11 – Stresses and forces acting on a slice in Bishop Method of analysis [153].
(e)  Morgenstern-Price
[bookmark: _Hlk104255161]Morgenstern-Price is a general slice approach based on the principle of limit equilibrium. It necessitates a harmonious balance of forces and moments operating on individual blocks. By splitting the soil above the slip surface into dividing planes, the blocks are formed. The forces acting on individual blocks are depicted in the diagram below (Figure 1.12) [156]:
[image: ]
[bookmark: _Ref98103130][bookmark: _Toc104985399][bookmark: _Toc103544076]Figure 1.12 – Morgenstern-Price approach (static scheme) [157]
The Morgenstern-Price technique for calculating the limit equilibrium of forces and moments on individual blocks makes the following assumptions [158]:
· Between-block dividing planes are always vertical.
· The line of action of block Wi's weight runs via the center of the ith slip surface segment, which is represented by point M.
· The standard force at point M, Ni is acting in the center of the ith segment of the slip surface.
· The inclination of forces Ei acting between blocks is different on each block (δi) at slip surface endpoints is δ = 0.
The preceding set of assumptions shows the only difference between the Spencer and Morgenstern-Price methods. The Half-sine function is used to choose the inclination angles δi of forces Ei acting between the blocks - one of the functions in the following image is automatically picked. The shape of the function has little impact on the final results, but a good choice can increase the method's convergence. The value of inclination angle δi is obtained by multiplying the functional value of the Half-sine function f(xi) at boundary point xi by parameter λ (Figure 1.13) [157].
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[bookmark: _Ref98103151][bookmark: _Toc104985400][bookmark: _Toc103544077]Figure 1.13 – Function of half-sine [157]
The Morgenstern-Price expressions are summarized in Equations (1.19) to (1.23):
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·  The total and effective values of the normal force acting on the slip surface are linked (1.19).
· On a particular section of the slip surface (Ni, Ti), the Mohr-Coulomb condition represents the relationship between normal and shear forces ((1.20)).
· Equilibrium force equation in the direction normal to the ith slip surface segment ((1.21)).
· Along the ith section of the slip surface, the force equation of equilibrium is ((1.22)).
· Moment equation of equilibrium about point M as presented in Equation 2.23.
The following recursive formula ((1.24)) is obtained by modifying force equations ((1.21)) and ((1.22)):
	
	

	[bookmark: _Ref103556478](1.24)


For a set of given values of δi and FS, this formula can be used to calculate all forces Ei acting between blocks. This solution assumes that the value of E at the slip surface origin is known and equal to E1 = 0. 
From the moment equation of equilibrium ((1.23)), an additional recursive formula ((1.25)) follows:
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Knowing the value at the slip surface origin on the left, where z1 = 0, we may use this method to determine all arms zi of forces acting between blocks for a given value of δi.
The following iteration technique is used to find the factor of safety FS:
· The half-sine function (δi = λ*f(xi)) is used to set the starting value of angles δi.
· Equation (1.24) yields the factor of safety FS for a particular value of δi when En+1 = 0 is assumed at the end of the slip surface.
· Equation (1.25) yields the value of δi by combining the values of Ei determined in the previous step with the requirement that the moment on the last block be zero. The functional values f(xi) remain constant throughout the iteration; only the parameter is iterated. Because zn+1 is equal to zero, equation (1.25) does not offer a value for it. The equilibrium moment equation (1.23) must be satisfied for this value.
· Steps (1.20) and (1.21) are then repeated until the value of δi (resp. parameter λ) does not change.
For a good iteration process, unstable solutions must be avoided. Such instabilities develop at the sites where the formulas (1.24) and (1.25) divide by zero. For δi= π/2 or δi = -π/2, division by zero is encountered in equation (1.25). As a result, the value of angle δi must be obtained within the range (-π/2; π/2) [159].
In expression (6), division by zero appears when:
	
	
	(1.26)


Verification of the parameter mα is another check that prevents numerical instability; the following criterion must be met:
	
	
	(1.27)


As a result, before the iteration runs, the highest of the crucial values FSmin that satisfy the above-mentioned constraints must be found. Because values below FSmin are in an unstable solution area, iteration begins by setting FS to a value "just" above FSmin, and all FS result values from iteration runs are higher than FSmin [160].
(f) Spencer
[bookmark: _Hlk100678907]Spencer invented the Spencer Method of Slices in 1967. Because it fulfills both force and moment equilibrium of the failure mass, it is one of the most theoretically rigorous Methods of Slices. As a result, more precise estimations of the Factor of Safety are possible. Both circular and non-circular failure surfaces can be analyzed using Spencer's approach [161].
It should be emphasized that every approach of slices necessitates some simplifications to account for the fact that the number of unknown parameters exceeds the number of equations available. While other approaches ignore interslice normal and/or shear forces, Spencer's method incorporates them by replacing them with an equivalent resultant force Q that acts at the midpoint of a slice's base M. The approach makes the assumption that the resulting forces' inclination is constant and equal to degrees. The slice forces considered in the Spencer Method are depicted schematically in Figure 1.14.
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[bookmark: _Ref100691922][bookmark: _Toc104985401][bookmark: _Toc103544078]Figure 1.14  Forces acting on a single slice [161]
Estimation procedures
The interslice forces assumptions in Spencer's method provide a more complex system of equations that must be solved in order to obtain the FS of a failure surface.
Firstly, the two force equilibriums for each slice (parallel and perpendicular to the failure surface) yield the following equations:
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The utilization of the Mohr-Coulomb failure criterion regarding the shear strength of the ground, hence, yields:
	
	
	(1.30)




Whereby: 
TULT – is the soil mass's shear strength; c – is cohesion; L – is the length of the slice's base, and φ – is the soil's friction angle.
T is the shear force at the base of each slice.
	
	
	(1.31)



Equations 2.28 to 2.31 are used to calculate the equivalent resultant interslice force Q:
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Whereby:
	
	
	(1.33)
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After that, the entire sliding mass equilibrium is considered. If the overall moment is zero with regard to the center of rotation, then the internal interslice forces Q must likewise be zero, resulting in:
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Whereby: Ri – is the distance between the rotation's center and each slice's midway. All radii are equivalent in a circular failure surface and can be ignored in Equation (1.36), but they must be considered in a non-circular surface.
The force equilibrium follows the same principle. To comply with the underlying conditions of the method, in both the vertical and horizontal directions, the composite internal forces of the entire sliding mass must be zero. As a result, two additional equations emerge:
	
	
	(1.37)



	
	
	(1.38)


Because the inclination of the corresponding interslice force Q is constant, equations 2.37 and 2.38 are theoretically equivalent and provide the same result:
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For a particular failure surface, solving Equations (1.36) and (1.39) yields two FS values, assuming an interslice force inclination of. However, because there is only one value that satisfies both moment and force equilibrium, an iterative approach is used to calculate this value and the accompanying FS.
In the hunt for an optimum iterative technique to calculate FS, many schemes have been proposed. The following are some frequent steps in a simple technique:
· Assume various different values of and calculate the FS values for Force and Moment equilibrium (FF and FM)
· Draw the FF and FM curves versus each other.
· Determine the intersection point of the curves corresponding to the real FS and the assessed surface. Figure 1.15 shows an illustration of the aforementioned curves as an example.
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[bookmark: _Ref100691810][bookmark: _Toc104985402][bookmark: _Toc103544079][bookmark: _Ref100691792]Figure 1.15 Spencer's Method of Slices [161]
Nonetheless, advanced techniques based on computer means, such as efficient iterative processes, have been developed over time. The Spencer Method takes longer than other methods (Bishop or Janbu); however, with the rapid advancement of computing capabilities, this is no longer a concern.
Spencer's method becomes equivalent to Bishop's simplified method when the inclination is adjusted to zero. As a result, Spencer's method might be thought of as a more advanced form of Bishop's method.
Some of the inferences that can be derived from the outcomes of Spencer's technique are as follows:
· When compared to Moment equilibrium FS (FM), Force equilibrium FS (FF) is altered more pronouncedly. 
· The method's accuracy is determined by the number of slices used in the study. Increasing the number of slices, however, necessitates longer processing durations. Once the number of slices employed exceeds 32, according to Spencer (1967), the gain in accuracy is modest. In reality, with each case study being unique, even a lesser number of slices is sufficient to generate an accurate FS.
· The Spencer technique may or may not always converge to a single FS and. When the failure surface has steep parts, complex geometry, or jumps, convergence issues arise. A modest adjustment in the input data or the use of a simpler procedure is recommended in this scenario.
Moreover, the Spencer method is a generic slice approach founded on the concept of limit equilibrium. It necessitates a harmonious balance of forces and moments operating on individual blocks. By splitting the soil above the slip surface into dividing planes, the blocks are formed. The forces acting on individual blocks are depicted in the diagram below (Figure 1.16) [162]. It is important to note that, A Spencer analysis is the same as a Morgenstern-Price analysis with a constant function. Therefore, most of the steps and procedures discussed in the Morgenstern -price section are also applicable to Spencer’s static approach.
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[bookmark: _Ref98103109][bookmark: _Toc104985403][bookmark: _Toc98085881][bookmark: _Toc97428206][bookmark: _Toc103544080]Figure 1.16 – Spencer method's static approach [163]
Due to the following forces, each block is estimated to contribute [162]:
· [bookmark: _Hlk97948174]Wi, which is the block weight, includes a material surcharge with the character of weight, as well as the influence of the vertical earthquake coefficient Kv.
· The horizontal inertia force describing the influence of an earthquake is represented as Kh*Wi, Whereby Kh – is the horizontal acceleration factor during the earthquake.
· The normal force on the slip surface is Ni.
· The shear force on the slip surface is Ti.
· The forces exerted by nearby blocks, Ei, Ei+1, are inclined by the angle from the horizontal plane.
· The other horizontal and vertical forces operating on the block are Fxi and Fyi.
· M1i is the moment of forces Fxi, Fyi revolving around point M, which is the center of the ith slip surface segment.
· Ui is the resultant pore pressure on the ith section of the slip surface.
The Spencer technique for calculating the limit equilibrium of forces and moments on individual blocks makes the following assumptions [162]:
· Between-block dividing planes are always vertical. 
· The line of action of block Wi’s weight runs via the center of the ith slip surface segment, M.
· The normal force Ni is acting in the center of the ith segment of slip surface, at point M
· The inclination of forces Ei acting between blocks are constant for all blocks and equals to δ, only at slip surface endpoint is δ = 0.
The solution adopts the expressions in Equations (1.28) to (1.32): 
Equation represents the relationship between the effective and total value of the normal force operating on the slip surface (2.19). The Mohr-Coulomb condition, which represents the relationship between normal and shear forces on a given section of the slip surface, is represented by equation (1.20). Equation (1.21) indicates equilibrium along the ith segment of the slip surface, whereas Equation (1.22) represents equilibrium in the direction normal to the ith segment of the slip surface. The safety factor (FS) is a tool for lowering soil characteristics. Equation (1.23) is the equilibrium moment equation about point M, whereby ygi – is the vertical coordinate of the point of application of the block weight and yM is the vertical coordinate of point M. The following recursive formula is obtained by modifying equations (1.21) and (1.22) [164]:
[bookmark: _Hlk97948311]It is vital to avoid unstable solutions in order for the iteration process to be stable. Such instabilities develop at the sites where the formulas (1.24) and (1.25) divide by zero. For δ = π/2 or δ = -π/2, division by zero is encountered in Equation (1.25). As a result, the value of angle δ must be obtained within the range ((-π/2; π/2).
(h) Janbu
Janbu is another universal slice method based on the concept of limit equilibrium. It necessitates striking a balance between the pressures and moments acting on particular blocks (only moment equilibrium at last uppermost block is not satisfied). By splitting the soil above the slip surface into dividing planes, the blocks are formed. The forces acting on individual blocks are depicted in the diagram below (Figure 1.17) [165]:
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[bookmark: _Ref98103204][bookmark: _Toc104985404][bookmark: _Toc103544081]Figure 1.17 – Static approach - Janbu method [166]
Due to the following forces, each block is estimated to contribute:
· Wi is the block weight, comprising material surcharges with the character of weight, as well as the influence of the vertical earthquake coefficient Kv
· Kh*Wi – is the horizontal inertia force describing the earthquake's influence, Whereby Kh is the horizontal acceleration factor
· Ni – is the normal force acting on the slip surface.
· Ti – is the shear force acting on the slip surface.
· Ei, Ei+1 – are the forces exerted by neighboring blocks; they are inclined from the horizontal plane by an angle δi resp. δi+1 and lie at the height zi resp. zi+1 above slip surface
· Fxi, Fyi – are the other horizontal and vertical forces acting on the block
· M1i – is the moment from forces Fxi, Fyi rotating about point M, representing the center of the ith slip surface segment.
· Ui – is the pore pressure resultant on the ith segment of the slip surface
The Janbu technique for calculating the limit equilibrium of forces and moments on individual blocks makes the following assumptions:
· When splitting planes across blocks, the line of action of the block's weight is always vertical. 
· Wi runs through the center of the ith slip surface section, which is represented by point M. 
· The force of nature Ni acts in the center of the ith slip surface segment; at point M, 
· Location zi of forces Ei acting between blocks is assumed; at slip surface endpoints, z = 0 is assumed.
The method's convergence can be influenced significantly by choice of position zi. It can become impossible to satisfy the equilibrium conditions if we make an incorrect assumption about position zi for a certain slope (the algorithm does not converge). The heights zi above the slip surface are around one-third of the height of the block-to-block contact. If the equilibrium conditions aren't sufficient, the algorithm adjusts the height, for example, slightly higher in the passive zone near the toe and lower in the active zone towards the crest of the slope. The differences in Morgenstern-Price, Spencer, and Janbu's techniques are based on the fact that an arbitrary function is used to define the direction of the resulting interslice forces in Morgenstern-Price; In Spencer, the interslice forces that result have a constant slope throughout the sliding mass; and, In Janbu, the resulting interslice forces are horizontal.
(g) Sarma
The Sarma technique belongs to the category of general sliced limit state procedures. It is based on individual blocks meeting the force and moment equilibrium requirements. The blocks are made by separating the soil region above the potential slip surface into planes, each of which may have a varied slope in general. The forces acting on individual blocks are depicted in the diagram below (Figure 1.18) [167,168].
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[bookmark: _Ref98103187][bookmark: _Toc104985405][bookmark: _Toc98085884][bookmark: _Toc97428209][bookmark: _Toc103544082]Figure 1.18 – Static scheme - Sarma method [169]
Between the blocks, the normal and shear forces are represented by Ei, Xi. On segments of a slip surface, Ni and Ti are normal and shear forces. The block weight is Wi, and the horizontal force used in the Sarma approach to reach the limit state is Kh*Wi. In most cases, an inclination fee can be added to each block. This surcharge, together with the surcharge owing to water having a free water table above the terrain and forces in anchors, is included in the analysis. All of these forces are projected horizontally and vertically, and the resulting components Fxi and Fyi are added together.
The factor of horizontal acceleration, or Kh, is a constant that is included in the analysis to satisfy the equilibrium on individual blocks. The safety factor can be calculated because of a link between Kh and the factor of slope stability FS. In most circumstances, the study begins with the value of Kh set to zero. To simulate a horizontal surcharge, such as that caused by an earthquake, a non-zero value of Kh is used.
The solution of 6n - 1 unknowns is required for the computation of limit equilibrium, whereby n is the number of blocks dividing the soil region above the potential slip surface. The blocks are as  follows:
	[bookmark: _Hlk97948493]Ei
	– between the blocks created forces

	Ni
	– typical forces acting on the surface of the slip

	Ti
	– slip surface shear forces 

	Xi
	– represents shear forces between blocks

	zi
	– positions where forces are applied

	li
	– positions where forces are applied

	Kh
	– a horizontal acceleration factor


For the required unknowns, 5n - 1 equations are available. We have:
i.  horizontal force equations of equilibrium on blocks:
	
	
	(1.40)


ii. vertical force equations of equilibrium on blocks:
	
	
	(1.41)


iii. Equilibrium moment equations for blocks:
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	(1.42)


Whereby: Rxi and  – are arms of forces Fxi and Fyi.
iv. According to the Mohr-Coulomb hypothesis, the normal and shear forces have the following relationship:
	
	
	(1.43)



	
	
	(1.44)


Whereby:	
P*Wi – resultant force on splitting planes due to pore pressure.
 – on a dividing plane, the average value of internal friction angle.
 – on a dividing plane, the average value of cohesiveness.
It is self-evident that n - 1 must be chosen (calculated) in advance. There is a slight inaccuracy caused when estimating the points of application of forces Ei; as a result, the problem is then determined statically. The values of all remaining unknowns are finally determined by solving the ensuing system of equations. The determination of the horizontal acceleration factor Kh is the main conclusion of this investigation.
(i) Shahunyants
The Shahunyants method is a general slicing approach based on the concept of limit equilibrium. It necessitates a harmonious balance of forces and moments operating on individual blocks. By splitting the soil above the slip surface into dividing planes, the blocks are formed. The forces acting on individual blocks are depicted in the diagram below (Figure 1.19).
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[bookmark: _Ref98103225][bookmark: _Toc104985406][bookmark: _Toc98085886][bookmark: _Toc97428211][bookmark: _Toc103544083]Figure 1.19 – Static approach - Shahunyants method [170]
Whereby: Pyi – is the resultant of vertical forces acting on a given block (block weight, block surcharge, earthquake, anchor forces); Pxi – is the resultant of horizontal forces on a given block (block surcharge, earthquake, anchor forces, geo-reinforcements); Ei+1, Ei – are the forces developed between blocks; Ni – is the reaction below the block normal to the slip surface segment; Ti – is the friction force on the slip surface segment; αi – is the inclination of the slip surface segment; li – is the slip surface segment's length; φi – is the angle at which the soil's internal friction on the slip surface segment; ci – is the soil cohesion on the slip surface segment.
The following assumptions are adopted in the Shahunyants method to calculate the limit state on a given block:
· Dividing planes between blocks are always vertical.
· The slope of the forces Ei acting between blocks is zero; forces act horizontally.
Procedure for resolving the problem:
Forces Pyi and Pxi are initially translated into force directions Ti and Ni using formulas (1.45) and (1.46). For a positive angle αi (as in the schema), the force PNi acts in the opposite direction to Ni, while the force PQi acts in the opposite direction to Ti.
	
	
	[bookmark: _Ref103557162](1.45)
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The following equations connect the forces acting along the slip surface segment:
	
	
	(1.47)


Whereby:	
Ui – The pore pressure on the slip surface section is denoted by.
The equilibrium condition in the direction normal to the slip surface section:
	
	
	(1.48)


The equilibrium condition in the direction parallel to the slip surface segment:
	
	
	(1.49)


Introducing Equation (2.42) into Equation (2.44) gives:
	
	
	(1.50)


Next, substituting Equation (2.48) into Equation (2.50) gives:
	
	
	(1.51)


After some algebra:
	
	
	(1.52)

	
	
	(1.53)


Exploiting the following mathematical expression:
	
	
	(1.54)


yields Equation (8) in the form:
	
	
	(1.55)


This can be modified as:
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to provide the recurrent expression for Ei forces acting between blocks can be expressed as:
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At this point, the analysis incorporates the safety factor, Ku. The value that brings the forces acting on particular blocks of soil into the state of limit states is known as the factor of safety. This is accomplished by multiplying active forces, that is to say, the forces that contribute to the soil mass sliding above the slip surface by the safety factor. In Equation (1.56), active forces are contained under the term PQi. On the one hand, this term contains active forces that contribute to sliding and, on the other hand, forces that resist sliding. The contributing forces will be denoted as PQi,sd, whereas the resisting forces as PQi,ud. Equation (1.57) then becomes:
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If PQi has a positive value, it contributes to sliding and is thought to represent the active force PQi, sd. If the value of PQi is negative, it resists sliding and is considered to be the force PQi,ud. As a result, in Equation (1.58), deleting the negative value PQi,ud adds the positive value, and we may write:
	
	
	(1.59)


E0 = 0 at the origin of the slip surface. The value of E1 is then calculated as follows:
	
	
	(1.60)


The value of E2 is then given by:
	
	
	(1.61)


Similarly, the values of all forces operating between blocks may be determined. It also holds at the end of the slip surface we've created, En = 0. Using the previous expressions, the following can be written: 
	
	
	(1.62)


This equation directly provides the factor of safety Ku in the form:
	
	
	(1.63)


(j) ITF Method (Imbalance Thrust Force Method)
It is based on the equation of equilibrium of forces operating on individual blocks without taking into account the moment equation of equilibrium. The following diagram illustrates the method's foundations and assumptions (Figure 1.20) [171].
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[bookmark: _Ref98103243][bookmark: _Toc104985407][bookmark: _Toc98085887][bookmark: _Toc97428212][bookmark: _Toc103544084]Figure 1.20 – ITF Method - Forces acting on a block [172]
Whereby: Wi represents the weight of the ith block, whereby the saturated unit weight of soil (γsat) is used to determine the weight of the ith block, as well as the weight of a portion of the block below groundwater; Fyi – represents the remaining vertical load acting on the block; Fxi – represents the remaining horizontal load acting on the block; Fi, Fi+1 – are the forces acting between blocks along directions given by angles αi and αi+1 (Figure 1.21); Ui – is the pore pressure resultant on slip surface segment; UVi, UVi+1 – are the pore pressures that result from separating planes between blocks.
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[bookmark: _Ref98103266][bookmark: _Toc104985408][bookmark: _Toc98085888][bookmark: _Toc97428213][bookmark: _Toc103544085]Figure 1.21 – Pore pressure action on the block diagram [172]
When computing horizontal forces Fxi, the forces UVi and UVi+1 are taken into account.
The force equation of equilibrium in the direction normal to the slip surface section is:
	
	
	(1.64)


The forces acting on a slip surface section are linked by;
	
	
	(1.65)



Whereby: φi – is the angle of internal friction of the soil; ci – is the soil cohesion; li – represents the length of the segment of slip surface associated with the ith block.
The force Fi acting between blocks is provided by the force equation of equilibrium in the direction of the ith segment of the slip surface (given by angle αi):
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	(1.66)



When Equations 2.64 and 2.65 are combined in Equation 2.66, the following results are obtained:
	
	
	(1.67)


Following some formal algebra, we arrive at the following form of the equilibrium equation:
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The equilibrium requirement will be met by inserting the safety factor FS into the study, which will divide the strength parameters of a given soil, c, and tanφ. Then Equation 2.67 becomes:
	
	
	(1.69)


Through the process of iteration, Equation (1.68) yields the sought-after safety factor FS. During this technique, a force of 0 kN is applied to the highest (end) point of the slip surface. Equation (1.68) is used to compute the forces Fi acting between blocks for a given value of the factor of safety FS. This phase is done for a variety of FS values until we discover one for which the force F0 at the slope base equals 0 kN. There will be no stress along the slip surface. If the equilibrium condition requires a negative value for normal force Ni, showing that the soil is loaded in tension, this force's value is set to zero in the next iteration step, and the shear force Ti acting on a single segment is estimated exclusively using soil cohesion [173].
When it comes to the form of the slip surface, the ITF approach is extremely sensitive. When there are acute segment discontinuities on the slip surface, the resulting factor of safety is often higher than in reality. The slope difference between adjacent portions of the slip surface should be less than 10 degrees. The computer checks this automatically, and if the slope difference is determined to be bigger, the program warns that the results may be overstated [171]. This isn't normally a problem with a circular slip surface, but it's something to keep in mind with polygonal slip surfaces [174].
(k) ITF Method - explicit solution
The ITF method's explicit solution assumes a new approach to introducing the factor of safety into the analysis. The mathematical solution does not need to be iterated, and the resulting factor of safety can be derived in a single step. The resulting factor of safety is often higher using this approach, which may completely invalidate the solution, particularly in scenarios involving polygonal slip surfaces with considerable slope changes between adjacent segments [175].
The answer is based on Equation (1.73), to which the factor of safety FS is added, multiplying the active components of forces, i.e., those acting in the sliding direction. As a result, the equilibrium condition is:
	
	
	(1.70)


For clarity's sake, we'll refer to the component of active forces as:
	
	
	(1.71)


as well as the passive force component as:
	
	
	(1.72)


and an auxiliary function:
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Equation (6) can then be written in a more compact form as:
	
	
	(1.74)


The next step assumes that the known force Fn = 0, resulting in force expressions between blocks F in the form:
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	(1.75)

	
	
	(1.76)

	
	
	(1.77)


And so on.
	
	
	(1.78)


Because the force on the slip surface's bottom origin should be 0 kN, we derive the final form of the factor of safety FS as:
	
	
	(1.79)


[bookmark: _Toc97504753][bookmark: _Toc103543887][bookmark: _Toc104985211][bookmark: _Toc79511107]Dam safety 
[bookmark: _Toc79511108][bookmark: _Toc97504754][bookmark: _Toc103543888][bookmark: _Toc104985212]World declaration on dam safety
Dams and associated storage reservoirs have brought substantial benefits to humanity throughout history through their construction, operation, and upkeep. Water storage behind dams regulates natural streamflow and provides benefits such as enhanced water availability, renewable energy production, and a reduction in the negative effects of natural extremes such as floods and drought [176]. 
Dams are essential infrastructure for meeting both basic human requirements and rising living standards. On the other hand, Dams provide additional threats to downstream communities, including the potential for detrimental effects on life, property, and the environment [177,178]. Dam safety issues, which could result in an uncontrolled or catastrophic release of stored water, are a major source of concern.
Dam engineers have a significant ethical responsibility to carry out their professional responsibilities in such a way that dams and reservoirs are designed, built, and operated most effectively and sustainably possible while also ensuring that new and existing dams are safe throughout their entire lifespan, from construction to decommissioning [179].
[bookmark: _Toc79511109](a) International Commission on Large Dams (ICOLD) and Dam Safety
Dam safety has been one of the greatest organizational commitments of the International Commission on Large Dams (ICOLD) for more than a century, as stated in the ICOLD Mission statement: ICOLD is the industry leader in developing standards and recommendations to guarantee that dams are built and operated in a safe, efficient, and cost-effective manner that is both environmentally sustainable and socially equitable [180]. Prior to the establishment of ICOLD in 1928, there was a lack of understanding about dam safety, even though the need for water storage infrastructure was great and expanding. As a result, ICOLD made it a priority to share knowledge on dam design and operation based on experience within the global dam engineering community [181]. With this spread came a great emphasis on dam safety, which has continued into the present period. Through its efforts in collecting and evaluating the information on the lessons learned from past triumphs and failures, ICOLD has played a critical role in improving dam safety. Since its inception, ICOLD and its tens of thousands of professionals from member countries have worked to improve dam safety through the publication of scientific papers and the exchange of knowledge at Annual Meetings and Congresses.
The Technical Committees of ICOLD produce Bulletins that outline the present state of the practice for publication. Since the founding of ICOLD, the number of dam failures has decreased dramatically in comparison to the total number of dams in operation, which is a positive achievement that shows ICOLD's global influence in strengthening dam design and management standards. Nonetheless, to keep the global trend toward safer dams going, persistent awareness and commitment to dam safety are still essential. Dam professionals are extremely concerned about any dam incident [182].
[bookmark: _Toc79511110](b) Changing Conditions of Dam Safety based on ICOLD 
The overall number of dams worldwide continues to rise due to the critical need for water, food, energy, minerals, and flood control. Maintaining the current trend of lower dam failure rates is a never-ending problem for the industry. The importance of ICOLD's involvement in knowledge transfer and capacity building through the dissemination of best practices is undeniable [183,184]. With various shifting variables, science, technology, and human involvement in dam safety are always evolving [185]: 
· Existing infrastructure is deteriorating, raising new concerns about the durability of construction materials and equipment, as well as the sedimentation of reservoirs. 
· Some countries participating in dam construction lack experience in dam safety management and operations, necessitating the need for capacity building. 
· In all countries, experienced personnel are retiring, resulting in a shortage of qualified engineers trained in dam design. As the private sector becomes more involved in dam development, cost and schedule pressures on developers, designers, contractors, and operators increase, and new governance conditions for dam safety are required. 
· Extreme precipitation and drought occurrences are changing as a result of climate change, increasing hydrological risks. Climate change must be taken into account when planning and managing dams, including robust design and adaptive reservoir operation. This necessitates the raising of dams, the expansion of spillway capacity, the modification of reservoir operation techniques, and/or the construction of additional dams in some areas. As part of the planning, design, and operating phases, other climate-related hazards may need to be assessed and addressed.
Because the best dam sites have been taken, new dams must be erected in increasingly difficult areas, especially in terms of geological characteristics. Dam regulatory authority can be significantly impacted by changes in local, regional, and national governance [186]. As a recognized international organization of professionals in dam engineering, ICOLD urges governments and financial institutions to raise public awareness about dam safety [187]. The purpose of this ICOLD World Declaration on Dam Safety is to reaffirm what has been learned about dam safety over time [188]. Furthermore, all parties involved should be reminded that it is their responsibility to guarantee that these fundamentals are followed in order to reduce the dangers connected with dams and reservoirs [189,190].
[bookmark: _Toc79511111](c) Pillars of Dam Safety
ICOLD acknowledges a number of overarching pillars of dam safety based on nearly a century of commitment to dam safety and the realization that there is no such thing as zero risk [191].
i. Dam safety is dependent on the structural integrity of dams. 
ICOLD bulletins have largely recorded best current practices in dam design and performance during hazardous events such as extreme floods and earthquakes, establishing a strong foundation on which existing and future dam structures should be designed, built, and operated in safe conditions.
ii. For early detection, a routine surveillance and maintenance program is required.
Inspection and maintenance are critical to reducing risk and ensuring dam safety in the long run. Periodic safety reviews by skilled engineers with extensive experience in dam safety evaluation are required. Dam monitoring should be based on the operator's self-supervision as well as periodic external safety inspections by a recognized authority or institution. Throughout the life of a dam, an instrumentation and monitoring program is required [192].
iii. Throughout the life of a dam, an instrumentation and monitoring program is required. 
It is required to implement a comprehensive dam monitoring program in order to: 
· Determine how people will act during construction.
· Evaluate performance during the initial reservoir fill.
When comparing real performance to the design, keep the following in mind:
· Describe long-term conduct. 
· Offer information.
· Early detection of abnormalities.
· Capture and analyze responses to events such as big floods, earthquakes, and other natural disasters.
· Forecast future dam performance. 
· How safe dam management to regulatory authorities.
iv. Intrinsic design hazards must be effectively addressed. 
These risks are based on dam type, materials, age, foundations, hydraulic structures, and other factors, with good practices and surveillance being the most important factors for safety [193].
v. Natural hazards evolve with time and should be assessed and updated on a regular basis. 
Floods and earthquakes, for example, are external threats whose risks are acknowledged based on known science and the likelihood of occurrence.
vi. All dams must have a plan in place in case of an emergency. 
To avert loss of life and minimize damage to property, infrastructure, and the environment as a result of a dam failure, emergency plans should be prepared. The first filling of the reservoir is a key phase during which the emergency plan must be ready to go as soon as possible. The emergency plan must be reviewed, updated, and practiced on a regular basis. A robust dam safety program includes adequate operator training [194].
vii. Adequate training of operators is part of a comprehensive dam safety program.
Dam malfunctions, particularly spillway gates, can result in accidents, downstream flooding, or potential dam overtopping. The industry as a whole benefit from sharing lessons learned, making all dams safer [195].
viii. Sharing lessons learned benefits the entire industry, making all dams safer. 
Sharing learning from dam mishaps and failures is critical for improving state-of-the-art processes, according to ICOLD's experience. It is therefore critical that all data on dam incidents, including independent expert reports on the core causes of such incidents, be made publicly available to the international community for all parties concerned. Risks can be minimized with a thorough dam safety program.
ix. A comprehensive dam safety approach will allow the minimization of risks. 
This is accomplished through the participation of national organizations to promote dam safety measures such as structural steps to improve the structure's integrity and stability, efforts to reduce the effects of failures, and dam education and public awareness. A complete dam safety approach must also take into account the fact that river basins, many of which are transboundary basins, sometimes contain many dams or dam complexes and levees [196].
x. A dam owner has the ultimate responsibility for its dam. 
The International Commission on Dam Safety (ICOLD) believes that the safety of all dams is essentially the responsibility and liability of their owners and operators. To meet this responsibility, adequate personnel and financial resources, as well as relevant know-how, are required. The importance of regulatory authorities in terms of safety cannot be overstated [197].
xi. The role of regulatory authorities is paramount for safety. 
Regulatory agencies should play a key role in assuring proper site investigation, best-practice design standards, high-quality construction, contractual frameworks, emergency readiness, and operational compliance with established rules and standards. Developing norms, regulations, and safeguards is an important part of ensuring dam safety. A global perspective on dam safety can be instructive.
xii. An international perspective on dam safety can be enlightening. 
International organizations, such as ICOLD, which establish guidelines based on global experience, can help designers, owners, and government officials better understand the current state of best practices for dam design and safety.
[bookmark: _Toc79511112](d) Summary of the declaration
ICOLD, as the premier international organization dedicated to dam safety, calls on all concerned professionals and organizations to make a solid commitment to safety improvements and risk reductions at all dams, with the aspirational objective of working towards a continual reduction of dam safety events [198]. Furthermore, as part of their contribution to the development and regulation of dam infrastructure, governments, financial institutions, and other developers are urged to make a similar political and financial commitment to ensure that the critical safety recommendations for dams outlined in ICOLD Bulletins are disseminated to the appropriate parties and followed through [188,190,199]. 
[bookmark: _Toc79511113][bookmark: _Toc97504755][bookmark: _Toc103543889][bookmark: _Toc104985213]Dam safety management
Dam safety rules and management systems provide dams the foresight they need to avoid catastrophic disasters [200,201]. Dam owners are accountable for their dams' safety. Certain controls, such as safety management systems, monitoring, and operational procedures, must be implemented.
[bookmark: _Toc79511114][bookmark: _Toc97504756][bookmark: _Toc103543890][bookmark: _Toc104985214]Dam safety programs
Dam owners and dam engineers have various obligations when it comes to ensuring dam safety. The owner bears the primary responsibility for the dam's safety. As a result, dam owners are responsible for conducting investigations, design, construction, and safety reviews of their assets, as well as reporting on them. They must guarantee that operations and maintenance (O&M) manuals and dam safety emergency plans (DSEP) are prepared and updated (DSEP) [194]. 
Dam owners also conduct monitoring programs in order to collect operational and performance data, as well as commission dam safety checks. The dam's engineer's job is to help dam owners with their responsibilities by addressing technical issues like regional and site geology, structural soundness, design for all loading conditions, and material selection.
Dam safety programs include a variety of activities to offer, manage, and ensure dam safety in order to meet the goals outlined above. To begin, a comprehensive dam safety program should include an overall inspection and monitoring program, as well as clearly defined responsibilities for dam operators, training programs to prepare operators for incident management, and a system to validate operations and updates. Second, any incidents must be handled according to a detailed plan [202].
Finally, they should ensure that current standards are followed, that preventative maintenance is performed as planned, that risks are managed within acceptable limits, and that adequate funds and personnel are available. As briefly explained below, numerous dam safety activities and processes handle these issues simultaneously, albeit in different ways.
i. Dam Safety Emergency Plans and Operation and Maintenance Manuals
A dam safety emergency plan (DSEP) is a constantly updated set of instructions and maps that address potential crises or odd occurrences at or near a dam or reservoir. It covers individual duties and responsibilities in an emergency, as well as emergency identification, evaluation, and notification protocols. For ease of reference during times of hardship, these are usually provided in flowchart format. The State Emergency Response Plan (DISPLAN), inundation maps, preventive activities, exercise training, and review history are also included [203].
Adopting appropriate Operation & Maintenance (O&M) techniques improve a dam's efficiency and effectiveness. An O&M Manual is a great approach to keeping track of such procedures. Drawings, operation instructions and procedures, safety surveillance features, maintenance schedules, and records are normally included in the dam manual  [204].
ii. Dam surveillance 
The continual examination and recording of the state of a dam and its related structures are known as dam surveillance. Instrumentation is utilized to measure factors such as pore water pressures, seepage flow, and movement, which aids in dam inspection and monitoring. The data from the instruments is collected and analyzed to see if deteriorating trends are occurring or are likely to develop. A study of the operating, maintenance and monitoring processes is also included. Surveillance reports document the outcomes. Every 5 to 10 years, an independent review of the surveillance program is conducted [205]. 
iii. Inspections of dams
In order of diminishing detail and increasing frequency, dam safety inspections are classed as comprehensive, intermediate, or routine visual. The regularity with which these inspections are carried out for various dams is determined by the dam's consequence category, as defined by the ANCOLD Guidelines on Dam Safety Management. Dams in the extreme consequence category, for example, must have comprehensive inspections every five years, annual intermediate inspections, and daily routine visual inspections.
Following inspections, dam safety reports are written to describe new findings, changes since prior inspections, and recommendations. They include a look at the dam's surveillance and monitoring data, as well as its general performance. Additional material is required at the comprehensive level, such as an assessment of the dam's flood management capacity, remarks about the structure's safety in comparison to current standards, and the overall adequacy of the dam safety program [206]. 
iv. Review of dam safety
Dam safety reviews differ from dam safety inspections in that they necessitate a thorough investigation of the dam's records and reports over a long period. They're a type of technical audit in which dam safety is reviewed by looking into and analyzing issues that haven't been addressed before or elements that are subject to new design criteria or prospective deterioration. Literature reviews, hydrological/geotechnical/seismological investigations, and engineering assessments of individual dam structures are among the additional technical information included in a dam safety review, in addition to those detailed in dam safety reports. Where necessary, engineering solutions for flaws discovered during dam safety inspections can be devised, designed, and built [207].
v. Dam safety risk assessments
The likelihood or probability of negative effects occurring is defined as risk. All probable failure mechanisms, their probability of occurrence, and the magnitude of the resulting adverse event are considered in risk assessments. The risk assessment process entails analyzing and evaluating risks to determine whether they are tolerable (Figure 1.22) and whether current risk control measures are sufficient. If not, it investigates whether the implementation of alternative risk control measures is justified. Dam break simulations are carried out, resulting in a probability-based analysis of damage and loss of life. Further economic and model sensitivity analysis is also carried out, with remedial steps based on acceptable risks being recommended [208].
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[bookmark: _Ref98103295][bookmark: _Toc104985409][bookmark: _Toc98085889][bookmark: _Toc103544086][bookmark: _Toc97428214][bookmark: _Toc79511157]Figure 1.22 – Existing dam social risk recommendations [209]
In contrast to the engineering-focused outcomes of a dam safety review, the risk-based approach allows remedial actions to be either engineering or non-engineering solutions. Changes to operating rules or the installation of warning systems are examples of non-engineering solutions. Remedial actions can be employed to correct flaws, but that does not mean there is no danger after the steps are completed. Dam management is always fraught with inherent dangers.
Dam safety risk assessments can be done for a group of dams or a single dam. Regardless of the approach, risk assessments are used to identify critical assets and serve as a planning tool for addressing high-risk components by providing a foundation for investment optimization and stakeholder justification [210].
[bookmark: _Toc97504757][bookmark: _Toc103543891][bookmark: _Toc104985215]Dam safety and flood evaluation
Dams and hydrology are two fields that are intertwined. However, the majority of the analyses performed in a dam hydrological study are independent of the structure's type or characteristics. Its location is crucial in determining the quantity and variability of the water inflow available for useful purposes (irrigation, energy production), as well as the characteristics of the unusual hydrological events that threaten the dam (floods and their intensity). The hydrological studies, on the other hand, do not address the dam structure [211].
[bookmark: _Toc97504758][bookmark: _Toc103543892][bookmark: _Toc104985216]Dam internal erosion
Internal erosion occurs when the material is removed from the soil via seepage, resulting in the formation of voids. It is the second most prevalent cause of levee failure and one of the most common causes of earth dam failures, accounting for almost half of all embankment dam failures [212]. 
Moreover, internal erosion occurs when water seeping via pores and fractures in the dam and/or foundation exerts sufficient hydraulic forces to dislodge particles and transport them out of the dam structure. Internal erosion is particularly harmful because there may be no or only mild external evidence that it is occurring. A sand boil may usually be found, but it may be hidden underwater. After evidence of internal erosion becomes apparent, a dam may breach within a few hours [213].
Piping is a related phenomenon that is defined as the gradual development of internal erosion by seepage, manifesting downstream as a water-dispensing hole. Until a continuous pipe is constructed, regressive erosion of particles from downstream and along the upstream line towards an outside environment causes piping [68]. 
[bookmark: _Toc79511117](a) Internal erosion and the piping system
The International Commission on Large Dams (ICLD) claims that internal erosion of embankment dams and their foundations has four general failure types [187]: 
· Through the embankment.
· Through the foundation.
· Embankment-into-foundation.
· Associated with through-penetrating structures.
Internal erosion comprises four stages: the beginning of erosion, progressing to the formation of a pipe, surface instability, and finally, the beginning of a breach. Internal erosion is also divided into four types based on the failure path, how the erosion begins and progresses, and where it occurs [204]:
· Seeping water erodes and enlarges a fissure until it bursts in a concentrated leak. The erosion eventually generates a pipe or a sinkhole, even if the crack does not grow to the exit (collapse is still conceivable).
· Backward erosion: begins at the seepage path's exit point and happens when the hydraulic gradient is high enough to promote particle dissociation and transport; a pipe forms backward from the exit point until it is breached.
· Suffusion: is a phenomenon that happens in soils with a wide variety of particle sizes. The spaces between coarser soil particles allow finer soil particles to dissolve. Internally unstable soils are those that are subject to suffusion. Suffusion can only happen if the volume of the finer particles is smaller than the vacuum space between the coarse particles.
· Soil contact erosion: Sheet flow occurs at the interfaces between coarse and fine soils, causing soil contact erosion. Water penetrates through the interface between the two soils, eroding the finer layer's particles into the coarser layer.
[bookmark: _Toc79511123](b) Internal Erosion fundamentals
[bookmark: Signs_of_a_Developing_Situation]Internal erosion is one of the most typical reasons for earth dam failure. It's possible that there's no outward evidence, or simply a sliver of evidence, that it's happening. After evidence of internal deterioration becomes apparent, a dam may breach within a few hours. Internal erosion can occur immediately after water is impounded behind a dam, or it can take years to develop. Internal erosion may be exacerbated or initiated by higher water surface elevations and pressure. You can't assume that your dam is safe from internal erosion just because it has been performing well for a long time. Dam "penetrations," such as outlet pipes buried in the embankment, rodent activity, and concrete spillways that traverse the embankment, are frequently linked to internal erosion failures. During normal periodic inspections, a skilled dam engineer may be able to detect minor indicators of internal erosion, but you should be aware of what signs to check for between inspections [214]. 
[bookmark: _Toc79511122](c) Using filters to prevent erosion
With the use of filters, the internal erosion process can be slowed down. Filters capture eroded particles while permitting seepage, and they are often coarser and more permeable than filtered soil. The sort of filter needed and where it should be installed are determined by which areas of the dam are more vulnerable to internal erosion. Filters must meet five conditions per regulation [215]: 
· Retention: The filter must prevent eroded soil particles from being transported.
· Self-filtration: the filter must be internally stable, which is also known as stability.
· No cohesion: the filter must be incapable of maintaining cracks or cementing them.
· Drainage: the filter must be porous enough to allow water pressure to escape.
· Strength: the filter must be able to transfer tension within the dam without crushing it.
When water seeps through an earth dam, soil particles are carried away from the embankment, filters, drains, foundation, or abutments of the dam, which is referred to as "piping" by dam engineers. If soil particles are carried downstream by the seepage, an elongated cavity or "pipe" may be eroded backward (working upstream) toward the reservoir via the embankment, foundation, or abutment. When a backward-eroding pipe reaches the reservoir, the dam can be catastrophically breached [216].
Depending on head and flow, internal erosion happens in phases of muddy water discharge interspersed with intervals of clean water discharge or no discharge at all. Even if there is no apparent water flow or if the water draining from the land downstream of a dam is not murky, internal erosion may be occurring. Chemicals, salts, dissolved and suspended particles, and dispersive clays can all degrade a dam's inside without being recognized [217].
[bookmark: Internal_Erosion_Basics][bookmark: _Toc97504759][bookmark: _Toc103543893][bookmark: _Toc104985217]Tropical residual soils as dam foundation and fill material
The term "tropical residual soil" refers to a soil that has been weathered in-situ, meaning that the underlying rock structure has been destroyed by weathering and the material has not been moved from its original site [218,219]. Tropical residual soils are defined differently in different parts of the world and different countries. According to [220], residual soil behavior has a structured soil bonding impact that can occur in a variety of settings. According to [221,222], residual soil is the consequence of chemical weathering, and engineering residual soil has numerous features, including climatic variables, raw materials, topography, flow, and age. The engineering characteristics of residual soil will be one of these variables. Soil behavior in situ is complicated since it is influenced by a variety of elements.
[bookmark: _Toc103543894][bookmark: _Toc104985218]Summary of the sub-section
To reach a high level of resilience, people of the community and stakeholders, in general, must work together. Ideas and solutions that satisfy community needs and address community-identified resilience goals must be integrated and implemented. Those who are directly or indirectly impacted by a dam or levee failure have the opportunity to mitigate the effects of the failure through community physical and social changes, community growth planning, safe housing construction, and financial planning (including bonds and insurance), and the development of adaptability. Dam and levee safety experts, as well as other community members and stakeholders, will be most successful in improving resilience when they identify and manage risk cooperatively in ways that promote knowledge and communication of threats, shared needs, and opportunities.
Dam and levee professionals can use risk-informed approaches to improve their understanding of infrastructure-system operations, performance, vulnerabilities, and the consequences of potential failures, allowing them and the rest of the community to make better dam and levee infrastructure and resilience decisions.
[bookmark: _Toc97504761][bookmark: _Toc103543895][bookmark: _Toc104985219][bookmark: _Toc79511126]Modeling of embankment dam behavior 
[bookmark: _Toc79511127][bookmark: _Toc97504762][bookmark: _Toc103543896][bookmark: _Toc104985220]Dam modeling during construction
The nonlinear behavior of the building material, the interaction between the structure and the underlying soil and rock strata, the effects of water saturation, as well as the influence of water stress on the structure and foundation bedrock all play a role in the deformation of an earth dam. The deformation process can be modeled using the finite element method in conjunction with a hyperbolic model of the material's nonlinear behavior [223].
Internal erosion of fine-grained soils from embankments, erosion under the foundation or abutment, stability issues caused by high pore pressures, hydraulic gradients, and dam or spillway overtopping are the most prevalent reasons for embankment dam failure. During earthquakes, the formation of high water pressures and probable liquefaction in the foundation or embankment is a less usual cause of failure.
The safety of earth dams is contingent on the correct design, building, and monitoring of actual behavior during the structure's construction and operation. Monitoring is also necessary for a better and safer design of future dams by confirming design parameters, with the geotechnical factors being the most significant [224]. It should also be noted that the geotechnical parameters can be determined either in situ or in the laboratory.
The selected samples in laboratory testing may differ from one place to the next, they may have been disturbed during collecting, or the laboratory loading conditions may differ from natural settings. As a result, comparing the monitored data with the projected data produced during the design process might provide crucial information on geotechnical factors [225]. Earth dams are typically designed using the finite element technique (FEM) [226]. Changeable loading or boundary conditions induce predicted displacements, strains, and stresses in the structure, which are analyzed using the FEM. The FEM values can be compared to measured values to get more information about the structure's actual behavior, boundary conditions, and unexpected loads [227].
[bookmark: _Toc79511128][bookmark: _Toc97504763][bookmark: _Toc103543897][bookmark: _Toc104985221] Dam modeling during first filling 
The first test of a dam's ability to execute the function for which it was constructed is the initial filling of a reservoir. A well-managed first filling is critical to a dam's long-term success. Approximately two-thirds of all dam failures and half of all dam incidents occur during the reservoir's first five years of operation, according to [228], a study done by the Bureau of Reclamation on internal erosion failure types.
Dams are usually constructed to hold and store a large amount of water. When constructing a new dam, diversion canals and cofferdams are utilized to keep water out of the construction zone. However, once the dam is built, water flow to the dam site continues, and the reservoir begins to fill. The increase in water level behind a dam from the time it is built until it reaches the appropriate operational level is referred to as initial filling.
The duration and rate of a dam's first filling might vary depending on its location, kind, size, and intended use. To limit the danger of failure, the first filling of a reservoir should be planned, managed, and continuously monitored, whether it takes several months, several years, or with the help of pumping units [229].
Based on the fact that the first filling of a reservoir is such a vital stage in a dam's life, dam operators and engineers must have as much control as possible over it, allowing ample time for effective surveillance, including the observation and interpretation of instrumentation data. After the dam and other essential appurtenances (i.e., spillways and outlet works) have been finished, as well as the installation of appropriate instruments, the initial filling should be scheduled [230]. Specifications for reservoir rise rate should be developed so that the dam can respond to the forces it will face as the water level behind it rises. A design memorandum should be used to document these plans, which may also include reservoir regulations during project construction [231].
· A water control plan, 
· Project surveillance, 
· Cultural site surveillance, 
· Flood emergency planning, 
· Public affairs, 
· Safety planning and transportation
· Communications planning
In addition to dam failure, design, construction, and/or material flaws in new dams are frequently discovered during the initial filling. Seepage, cracking, and erosion are common when the reservoir is raised to new levels for the first time, for example. It may be essential to suspend filling or, in certain situations, decrease the reservoir before the required operational water level is reached to investigate indicators of seepage, erosion as well as cracking [232].
The consideration of collapse settlement of vulnerable rockfills and earth fills on wetness is an important part of embankment dam modeling. The initial impounding for the upstream dam abutment is more affected by collapse settlement, although the collapse settlement has always been documented in the downstream dam abutment after soaking due to rainfall, leakage, or tail-water impoundment [233]. Due to the dependence of collapse settlement on compacted water content, compacted density applied stress, and material properties, incorporating collapse settlement into constitutive models add additional complexity and uncertainty to the estimation of material parameters in laboratory and field conditions. Research works have presented strategies for including rockfill collapse settlement in constitutive models. According to Naylor [234], used finite element analysis to simulate the Beliche dam, central core earth, and rockfill dam, taking into account the upstream rockfill collapse settlement.
Some research works have tried to figure out how dams behave when they are first filled; among them is the collapse settlement of the first filling in a high rockfill dam researched by Mahinroosta et al., [235]. The strain hardening–softening (SS) model was used in FLAC with certain modifications for mechanical constitutive modeling, taking into account characteristics such as cohesion, friction angle, dilation angle, and tensile strength, which may harden or soften following the commencement of plastic yield. The Mohr-Coulomb yield function (Equations (1.80) and (1.81)) specified the failure envelopes of the model, which had constant elastic parameters:
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Whereby:
  and  – are shear and tensile failures, respectively; σ1 and σ3 – are major and minor principal stresses, and ,  and  – are cohesion, mobilized friction angle, and tensile strength, respectively.
[bookmark: _Toc79511129][bookmark: _Toc97504764][bookmark: _Toc103543898][bookmark: _Toc104985222] Dam modeling during operation
The most frequent type of dam is an earth-fill (embankment) dam. Furthermore, when using locally accessible resources, they are regarded as the most cost-effective option. Furthermore, they have long been a common method for storing and controlling river water. Dams of this type are often constructed by placing and compacting a semi-plastic mound of varied soil, rock, sand, or clay compositions. In an earth dam, stability and seepage are critical because they have been identified as the primary causes of dam failure. Earth-fill dams lose water from the reservoir and the dam body through evaporation and seepage [236]. 
Evaporation losses are uncontrollable; however, seepage losses can be reduced with proper construction practices. Seepage is caused by the difference in water height upstream and downstream. The rate of seepage is determined by a number of elements, including the soil medium, the type of fluid, and the geometric parameters of the dams. A mixture of elements operating on the water can affect soil seepage; it is made up of the soil's hydraulic conductivity and the pressure gradient. The gradual percolation of water on the dam and its base causes seepage in both homogeneous and non-homogeneous earth-fill dams [237]. 
Inadequate seepage control has resulted in a number of seepage-related problems, including earth-fill dam failures. Seepage causes internal erosion and pipework in earth dams, which necessitates ongoing maintenance. Because internal erosion and leaking due to seepage are the most common causes of collapse in earth-fill dams, seepage management is critical in the dam's design, construction, and safe operation. Although all earth-fill dams have some seepage, the design of such dams should consider adequate seepage control to ensure that seepage does not compromise the dam's safety and long-term viability [238].
[bookmark: _Toc79511130][bookmark: _Toc97504765][bookmark: _Toc103543899][bookmark: _Toc104985223]Dam modeling during rapid drawdown
Dam failure is considered one of the world's most disastrous calamities. Rapid drawdown scenarios have been identified as one of the contributing elements to embankment dam failure. A rapid drawdown situation occurs when the external water level of a slope submerged in water drops rapidly, resulting in the elimination of upstream water pressure [239]. 
In that case, the removal of the counterbalancing upstream water pressure has a considerable impact on the upstream slope. Due to rapid decline, the upstream shell usually finds it difficult to bear the hydrodynamic pressure in this situation. As a result of the rapid reduction of water, the internal pore pressures in the slope cannot decrease quickly enough. Furthermore, in the case of rapid drawdown, the soils inside the embankment remain moist, facilitating seepage from the embankment to the upstream slope [240]. 
The combination of hydrodynamic pressures and seepage from the embankment towards the upstream slope causes downward forces that destabilize the embankment, particularly on the upstream face  [241]. The forces created are incompatible with stability and cause a catastrophic condition on the upstream slope [216]. 
Extreme flooding events, among many other factors, contribute significantly to rapid drawdown cases because river levels reach peak values, and when the extreme event subsides, the velocity of decreasing water levels tends to reach maximum values as well, resulting in dramatic reductions in water levels [242,243]. 
[bookmark: _Toc79511131][bookmark: _Toc97504766]The permeability coefficient of the dam fills, the rate of drawdown, pore active volume, and upstream slope gradient can all affect the lag of the phreatic line or the rate of drawdown. The need to determine the maximum drawdown rate that may be safely carried out is critical, especially for dams located in extreme event zones, as various studies [11,12] have emphasized the possible impact of rapid drawdown in the case of upstream slope failures [236,244].




[bookmark: _Toc103543900][bookmark: _Toc104985224]Summary of chapter one
The growing need for dams, as well as the need to build them in a variety of sites with varying geomechanical and hydrological circumstances, some of which are potentially unfavorable, has resulted in the building of each of these dams containing a unique experience. The value of behavioral analysis and long-term dam monitoring cannot be overstated.
Many dams are built in the upper reaches of communities or heavily inhabited cities, where their inadequacy may result in irreversible dangers and losses. Otherwise, because society and industry are so reliant on water, it is critical to ensure the ability to exploit the land on a regular and long-term basis, and any action to ensure their sustainability and efficiency is unavoidable because the failure of a dam not only destroys the capital invested in its construction but also abandons a large amount of water with no financial losses or casualties.
As a result, if dam behavior prediction can identify some of the possible occurrences before they occur, it can play a critical role in preventing dam failure and its repercussions. Given the gravity of the situation, a more thorough investigation and prediction of earth dam behavior is required.
[bookmark: _Toc103543901][bookmark: _Toc104985225]Urbanization in catchments
[bookmark: _Toc97504769][bookmark: _Toc103543902][bookmark: _Toc104985226]Development of a geoprocessing tool
[bookmark: _Toc103543903][bookmark: _Toc104985227]Overview
This part of the study used ArcGIS ModelBuilder as one of the promising programming languages that allowed the creation of geoprocessing workflows visually. The geographical analysis and data management procedures were automated and documented using geoprocessing models. The model is a diagram that connects process sequences and geoprocessing tools, using one process' result as the input to another.
[bookmark: _Toc103543904][bookmark: _Toc104985228]Integration of tools
The geoprocessing tool proposed and designed in this study is a set of tools and a framework for working with geographic and related data. The extensive set of geoprocessing tools can be used to automate spatial analysis and Geographical Information Systems data management. The designed geoprocessing tool can delineate catchment and generate Curve Number Grid simultaneously based on Digital Elevation Model (DEM), clipped shapefile combining land use/land cover and soil data polygons as well as CNLookup table. The geoprocessing has been designed based on Python programming language to integrate different procedures in one unit.
When planning and implementing water quality and quantity-related protection and mitigation actions, watershed delineation assists users in identifying surface water features within a watershed and understanding downstream implications. 
Many dams around the world may be accurately represented using a single basin. Many will, however, need to be separated into many sub-basins. The rainfall-runoff mechanism utilized, as well as numerous hydrologic parameters, influence the size and definition of the subbasins. Subdivision should also be considered if there are portions of the drainage basin that: have hydrologic characteristics that differ from the average hydrologic characteristics of the total basin and may contribute to flooding passage delays.
Any hydrological modeling, such as the rainfall-runoff model for predicting runoff volume and peak discharges, relies heavily on these Curve Numbers. Curve Numbers are calculated based on the ground cover and soil type and are used to approximate the infiltration, interception, and storage capacity of various land coverings.
Unfortunately, the available methods for catchment delineation and Curve Number generation are complex and time-consuming. The designed geoprocessing tool provides a more simplified approach for the computation of both catchment boundaries and the Curve Number grid (Figure 2.1).
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[bookmark: _Ref98103338][bookmark: _Toc97428215][bookmark: _Toc98085890][bookmark: _Toc103544087][bookmark: _Toc104985410]Figure 2.1 – Architecture of the developed geoprocessing tool

[bookmark: _Toc97504770][bookmark: _Toc103543905][bookmark: _Toc104985229]Rapid urbanization analysis: A case of Msimbazi catchment in Dar es Salaam, Tanzania
[bookmark: _Toc97504771][bookmark: _Toc103543906][bookmark: _Toc104985230][bookmark: _Hlk30443773]Study area description
The study represents the Msimbazi catchment in Dar es Salaam city, Tanzania. The Msimbazi catchment, located near Dar es Salaam between latitudes 6°27' and 7°15 South of the Equator and longitudes 39° and 39°33' East of Greenwich, is one of the largest. The Msimbazi river flows across Dar es Salaam City from the higher areas of Kisarawe district (Kisarawe hills) in the Coastal region and discharges into the Indian Ocean. The ungauged catchment is a low-lying area (Figure 2.2) and one of the highly floods-impacted catchments in the city, with massive destruction almost every rainy season. As the catchment passes through the center of the city, it is subjected to significant land-use changes from development activities such as the establishment of settlements. The catchment is characterized by the tropical climate under average daily temperature varying from 17-33 0C and two main rain seasons from November to January and March to May, with annual average precipitation amounting to 1,150 mm.
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[bookmark: _Ref98103392][bookmark: _Toc97428216][bookmark: _Toc98085891][bookmark: _Toc103544088][bookmark: _Toc104985411][bookmark: _Hlk26195510]Figure 2.2  – Msimbazi catchment study area
[bookmark: _Toc97504772][bookmark: _Toc103543907][bookmark: _Toc104985231]Datasets
The Msimbazi river catchment was delineated based on GIS techniques by running the tools in HEC-GeoHMS of the ArcGIS 10.5. The HEC-GeoHMS developed by the US Army Corps of Engineers was freely accessed from their official website. Then the DEM was retrieved from the online open-source, under the management of the LP DAAC (NASA Land Processes Distributed Active Archive Center), ASTER GDEM with 30m resolution. The stream shapefile of the catchment developed from the Google maps was used for the DEM-Reconditioning, and the Google Earth-based investigation techniques were used to validate the boundaries and streams of the catchment. The high-resolution (4800 x 2718) Google Earth images were retrieved from the Google Earth Pro desktop version 7.3.2.5776 (64-bit).  Landsat images downloaded from the official website of the United States Geological Survey (USGS) were used for the land use/land cover analysis. The Rational Method was used for the estimation of discharge for the individual sub-catchment and the total catchment. The 100-year extreme rainfall event recorded on December 20, 2011, as recorded by the Tanzania Meteorological Agency (TMA) was used as an input for the runoff discharge estimation.
[bookmark: _Toc97504773][bookmark: _Toc103543908][bookmark: _Toc104985232]Methodology
[bookmark: _Toc97504774][bookmark: _Toc103543909][bookmark: _Toc104985233][bookmark: _Hlk30444020]DEM preprocessing
The catchment layout generation and development of natural flow routes (drainage routes) were carried out in ArcGIS 10.5 by extracting the geomorphologic characteristics of the catchment and then the results were validated by overlying the output against some selected georeferenced shapefiles in ArcGIS. The complete process is summarized in Figure 2.3 below.



[bookmark: _Ref98103408][bookmark: _Toc97428217][bookmark: _Toc98085892][bookmark: _Toc103544089][bookmark: _Toc104985412]Figure 2.3 – Flow chart
[bookmark: _Hlk30444792][bookmark: _Hlk26739576][bookmark: _Hlk28609948]The first step in the catchment delineation was the DEM-Reconditioning. Downstream of the Msimbazi catchment is relatively flat with a number of structures (such as bridges) crossing the streams (Figure 2.4), therefore the process of creating flow paths may encounter some challenges when it reaches the flat areas [245] as well as the areas where the streams are covered by structures as it may fail to identify the exact path to follow. Therefore, this study used the DEM-Reconditioning approach along with the available stream shape-file of the catchment to fix the delineated streams into their exact paths. Next, the Fill Sinks tool in HEC-GeoHMS tools was used to fill sinks in the DEM. This was done to ensure that if there are cells with higher elevation surrounding a cell with a lower elevation, it hinders the water from flowing and makes it trapped in the lower elevation cell; hence the water cannot flow out of the cell. 
The other steps included; flow direction, flow accumulation, stream definition (where the stream threshold is defined), stream segmentation, catchment grid delineation, catchment polygon processing, drainage line processing as well as adjoint catchment processing. The sharpest descent from each cell determines the flow direction or the highest drop. Equation (2.1) shows how to compute the maximum drop.
	[bookmark: _Hlk30444834]
	Maximum_drop = 
	[bookmark: _Ref103557357](2.1)
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[bookmark: _Ref98103526][bookmark: _Toc97428218][bookmark: _Toc98085893][bookmark: _Toc103544090][bookmark: _Toc104985413]Figure 2.4 – Real scenarios of catchment delineation challenges
[bookmark: _Toc97504775][bookmark: _Toc103543910][bookmark: _Toc104985234][bookmark: _Hlk30444869]Project development
[bookmark: _Toc97504776][bookmark: _Toc103543911]HEC-GeoHMS is designed with more advanced features for the generation of catchment boundaries and streams. After the DEM preprocessing, the Project Setup menus were used to develop the projects for the entire catchment and each of the individual sub-basins. The workflow included setting data using the Data Management tool, starting a project using the Start New Project tool as well as generating a project using the Generate Project tool.
[bookmark: _Toc104985235]Estimation of discharge
Finally, the discharge for each sub-catchment contributing to a potential dam site and the total catchment discharge for the whole catchment were computed using the Rational Method as described in Equation (2.2) below. 
	
	
	[bookmark: _Ref103557367] (2.2)


Whereby:
Q – the total discharge in cusec; I – rainfall intensity; A – catchment area; C – runoff coefficient. 
The coefficient of rainfall is an important indicator of the soil type of the watershed. 
[bookmark: _Hlk30371690]The value of C ranges between 0 and 1; the value of C approaches 0 for sandy soil type and toward 1 for clayish soil type (NCDT, 2018). The runoff coefficients were assigned to each land-use class in the attributes table in ArcGIS. A number of parameters can be used to determine the Runoff coefficient, although the main ones are slope (e.g., steep and gentle slope), the type of the soil (such as sand, clay, and silty), and land surface cover (pervious and impervious surfaces). The spatial analysis for the surface land use/ land cover was accomplished using the Landsat images. In this study, land surface cover (degree of impervious surface) was taken as the main factor for runoff generation as the catchment is characterized by many flat surfaces. The rainfall intensity was extracted from the 100-year extreme rainfall event of December 20, 2011, as recorded by the Tanzania Meteorological Agency (TMA).
[bookmark: _Toc97504777][bookmark: _Toc103543912][bookmark: _Toc104985236][bookmark: _Hlk30445367]Land use/ land cover analysis
The land use/ land cover analysis was useful during the selection of the Runoff coefficient. With the help of having good knowledge of the study catchment, the Google Earth high-resolution images and the Interactive Supervised Classification approach in ArcGIS were used to analyze the land surface cover, which is defined from the current use of the land. The main five land use/land cover classes (Table 2.1) were selected during the analysis, and the impervious coefficients were assigned according to the National Land Cover Database 2011 (NLCD2011) Legend [247]. The results from the land use/land cover were then combined with the catchment delineation results for the dam site assessment and selection.
[bookmark: _Ref98103577][bookmark: _Toc97077191][bookmark: _Toc103544241][bookmark: _Toc104985567][bookmark: _Hlk30454482][bookmark: _Ref29435721]Table 2.1 – Land use/land cover classification
	[bookmark: _Hlk28526894]Class
	Description

	Water
	Open Water- areas of open water, generally with less than 25% cover of vegetation or soil.

	Developed, Low Intensity 
	A mixture of Areas with Barren Land, Grassland, Cultivated Crops, constructed materials, and vegetation. 
Impervious surfaces 20% to 49% of the total cover.

	Developed, Medium Intensity 
	A mixture of constructed materials and vegetation. Impervious surfaces 50% to 79% of the total cover.

	Developed, High Intensity 
	High-density places where a large number of people live or work. 
Impervious surfaces 80% to 100% of the total cover.

	Forest
	Areas dominated by trees generally greater than 5 meters tall



[bookmark: _Toc97504778][bookmark: _Toc103543913][bookmark: _Toc104985237]Land use classification 
As previously mentioned, the Interactive Supervised Classification and the Maximum Likelihood Classification methods were used to perform the land use/land cover image classification. 	Five main categories of land use in the catchment were identified, namely, developed low intensity, developed medium intensity, developed high intensity, water bodies, and forest. The general summary of the procedures is presented in Figure 2.5.


[bookmark: _Ref101229951][bookmark: _Toc97428219][bookmark: _Toc98085894][bookmark: _Ref98103700][bookmark: _Toc103544091][bookmark: _Toc104985414]Figure 2.5 – Flow chart
[bookmark: _Toc97504779][bookmark: _Toc103543914][bookmark: _Toc104985238][bookmark: _Hlk30454581]Dam site selection
The site selection for dams was made based on the sub-basin having a sufficient number of networks, land surface cover (validated by satellite images), and the catchment slope.  Also, the focus of the dam site locations was to make sure that dams are located in places where the mainstream of the catchment is not directly intercepted by a dam. The idea is to keep the mainstream within the normal flow during the flooding period as the excess amount of runoff is either retained or detained by the dams. With a sufficient amount of runoff being held in the dams during the flooding period, the mainstream is given enough time to safely accommodate the remaining amount of runoff. This approach intends to mitigate flood risks as well as the extending flow in the mainstream for an intermittent river, especially in a catchment in which some other means for flood control are not sufficient. 
[bookmark: _Toc97504780][bookmark: _Toc103543915][bookmark: _Toc104985239]Results and discussion 
[bookmark: _Toc97504781][bookmark: _Toc103543916][bookmark: _Toc104985240][bookmark: _Hlk30454636]Results
With the help of the HEC-GeoHMS plugin in ArcGIS 10.5, the delineation of the case study was achieved. A number of geomorphological datasets were extracted from the DEM and analyzed, which include delineation of stream networks and catchment boundaries, delineation of sub-basins, slope profiles as well as the streams cross-sections. The HEC-GeoHMS generated well-drained and visible sub-basins and streams that were useful for the selection of potential dam site locations. 
After the DEM processing, 151 small sub-basins covering 151 streams were obtained. The hydro-filled DEM shows the variations in elevation for the study catchment from 0 to 312 meters, with an indication that the catchment is part of the low-lying areas.  The lowest elevation can be observed around the Indian Ocean coast, which is downstream of the catchment with its outlet discharging water into the Indian Ocean. The catchment is also characterized by a gradual change in slope (Figure 2.7). The presence of man-made structures such as bridges and flat areas (see Figure 2.7) is one of the challenges for accurate flow direction computation as they affect the proper trend of elevation (see Figure 3.8).
[bookmark: _Hlk28606444]Using the Interactive Supervised Classification on selected Landsat images, the land use/land cover classes for the Msimbazi catchment were effectively classified. Five classes (see Figure 2.6 (a)), namely, water, developed high intensity, developed medium intensity, developed low intensity, and vegetation, of the land use/land cover for the Msimbazi catchment were selected. The land use/land cover analysis observed a trend of development intensity increasing towards downstream and decreasing towards upstream (Kisarawe hills) where the catchment originates. The developed, high-intensity scenario (see Figure 2.6 (a)) was more detected downstream of the catchment, with the developed, low-intensity scenario being more dominant upstream of the catchment.
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[bookmark: _Ref98103850][bookmark: _Toc97428220][bookmark: _Toc98085895][bookmark: _Ref98103714][bookmark: _Ref98103724][bookmark: _Toc103544092][bookmark: _Toc104985415]Figure 2.6 – Catchment preprocessing steps: a) Raw DEM; b) Hydro filled; DEM c) Flow direction; d) Flow accumulation; e) Stream definition; f) Stream segmentation; g) Catchment grid delineation; h) Catchment polygon processing; i) Drainage line processing
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[bookmark: _Ref98103803][bookmark: _Toc97428221][bookmark: _Toc98085896][bookmark: _Toc103544093][bookmark: _Toc104985416]Figure 2.7 – Main channel characteristics: a) general catchment elevation profile; b) mainstream cross-section (downstream); c) mainstream cross-section (upstream)
[bookmark: _Hlk30457902]Jangwani sub-basin is one of the biggest flood-plain within the catchment located downstream, characterized by relatively flat surfaces (see Figure 2.8 (a)). The slope profile extracted from the Digital Elevation Model reveals an almost uniform variation in elevation ranging from 0 m to 8 m for a distance of more than 2.5 km. Also, the elevation profile (see Figure 2.8 (b)) around the Selandar bridge, which was used as a case study, shows an unusual change in elevation, revealing the effect of man-made structures on the accuracy of the DEM, which in turn poses a significant challenge to the flow direction with the automatic catchment delineation techniques.
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[bookmark: _Ref98104056][bookmark: _Toc97428222][bookmark: _Toc98085897][bookmark: _Toc103544094][bookmark: _Toc104985417]Figure 2.8 – Flow direction challenges: a) relatively flat surface at Jangwani sub-catchment; b) stream-bridge interception
In the catchment, five major land use/land cover classes were identified: water bodies, forest, developed high intensity, developed medium intensity, and developed low intensity. From the classified images (Figure 2.9), it can be observed that downstream of the catchment close to the Indian Ocean shore is highly developed, and the extent of urbanization (development) decreases as you move upstream towards the Kisarawe hills where the catchment originates; whereby, the trend moves from high-intensity development to medium intensity development followed by the low-intensity development. The whole phenomenon reflects the reality of the catchment, where forests are also more seen upstream, especially in the Kisarawe hills.  
Furthermore, from the results, it was observed that the land-use coverage has been changing over time.  In 1998 a large part of the catchment was occupied by the low-intensity developed areas covering about 61.67% of the total area. In 2009 the low-intensity developed areas decreased drastically to 21.13% of the total area and only 16.82% in 2018. The medium intensity developed areas have been increasing over time; whereby in 1998, the land surface occupied by the medium intensity developed areas was 25.97%, then increased to 50.49% in 2009 and to 61.12% in 2018. It was also observed that the trend of high-intensity development has been increasing; in 1998, the coverage of high-intensity development was about 3.82% which increased to 13.42% in 2009 and then to 19.77% in 2018. 
[bookmark: _Toc521076079]From Figure 2.9, it can have observed that the red color presenting the highly developed areas has been increasing towards the upstream of the catchment over time, and the green color representing the medium level of development also increases towards upstream of the catchment; while the yellow color which represents the low developed areas has been reducing with time. The general phenomenon reflects the real situation within the catchment.  
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[bookmark: _Ref98104042][bookmark: _Toc97428223][bookmark: _Toc98085898][bookmark: _Toc103544095][bookmark: _Toc104985418]Figure 2.9 – Classified land use within the catchment from 1998 to 2018
[bookmark: _Hlk30458041]Following the investigation from the combination of catchment delineation, land use/land cover analysis, and high-resolution Google Earth images; five potential dam site locations (see Figure 2.10), namely; Kisarawe sub-basin, Magomeni sub-basin, Kinyerezi sub-basin, Jangwani sub-basin, and Pugu sub-basin were identified in this study. The outlets of the dam sites are mainly located in the streams with a sufficient number of sub-streams before discharging water into the mainstream. The largest potential site is the Kisarawe sub-basin (see Figure 2.10 (b), Figure 2.11(b), and Figure 2.12) which is located the upstream (approximately 89.89 km2 coverage of the sub-basin draining to the dam location), where the land is less occupied and less developed proving sufficient space for the construction of a dam and save the downstream from the recurring flood events.  
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[bookmark: _Ref98104131][bookmark: _Toc97428224][bookmark: _Toc98085899][bookmark: _Toc103544096][bookmark: _Toc104985419]Figure 2.10 – Delineated subbasins for the selected dam sites: a) subbasin 5; b) subbasin 7; c) subbasin 9; d) subbasin 11; e) subbasin 13
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[bookmark: _Ref98104157][bookmark: _Toc97428225][bookmark: _Toc98085900][bookmark: _Toc103544097][bookmark: _Ref103555257][bookmark: _Toc104985420]Figure 2.11 – Land use/land cover distribution for each subbasin of the selected sites: a) land use/land cover for the combined selected sites; b) land use/land cover for Kisarawe sub-basin; c) land use/land cover for Magomeni sub-basin; d) land use/land cover for Kinyerezi sub-basin 11; e) land use/land cover for Jangwani sub-basin; f) land use/land cover for Pugu sub-basin
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[bookmark: _Ref98104170][bookmark: _Toc97428226][bookmark: _Toc98085901][bookmark: _Toc103544098][bookmark: _Ref103555281][bookmark: _Toc104985421]Figure 2.12 – Dam sites location: Streams only (left), streams with coverage (right)
[bookmark: _Hlk30461019][bookmark: _Hlk28609094]The total discharge for the whole catchment covering about 66037.06 ha (267.24 km2) was estimated to be 284970.4 ft3/s (8069.5 m3/s). Despite the coverage of the Magomeni sub-basin being smaller than the Kisarawe sub-basin, it can be observed that the estimated discharge in the Magomeni sub-basin is higher than that of the Kisarawe sub-basin which can be more attributed to the effect of land properties. Kisarawe sub-basin is located upstream, where the land is less developed with more vegetation facilitating runoff interception. In contrast, the Magomeni sub-basin is located downstream of the catchment, where the land is highly developed with a high population density. The selected dam sites in total can capture about 6064.18 m3/s (Table 2.2) of the discharge, which is 75.15% of the total discharge generated in the catchment.
[bookmark: _Ref98104237][bookmark: _Toc97077192][bookmark: _Toc103544242][bookmark: _Toc104985568]Table 2.2 Summary of the selected dam sites
	Dam subbasin
	Coverage (km2)
	Discharge (m3/s)

	[bookmark: _Hlk30377463]Kisarawe sub-basin
	89.67
	2019.49

	Magomeni sub-basin
	59.32
	2042.70

	Kinyerezi sub-basin
	19.05
	634.76

	Jangwani sub-basin
	24.26
	833.48

	Pugu sub-basin
	16.68
	533.75

	Total
	208.97
	6064.18


[bookmark: _Toc97504782]
[bookmark: _Toc103543917][bookmark: _Toc104985241] Discussion
The results derived in this study reveal that the combination of DEM and HEC-GeoHMS tools make up a promising approach for the assessment of potential dam sites within a catchment. In general, Remote Sensing (RS) and Geographical Information Systems (GIS) are very useful in terms of providing geospatial data for the assessment of potential dam sites. Also, having a prior understanding of the investigated area as well as the technical knowledge is important as it helps in providing a link between the theories and the real situation on the ground for easy identification of the potential dam sites. 
Considering the studies conducted in some other parts of the world [248–250], GIS-based techniques provide a handy approach to extracting the geomorphological characteristics of a catchment. During the installation process, the HEC-GeoHMS was smart enough to detect the absence of Arc Hydro tools and then will give an option to automatically install Arc Hydro tools compatible with the ArcGIS version installed in the working machine. 
Also, after the DEM preprocessing, the Project Setup section in HEC-GeoHMS provided more promising catchment delineation results with more detailed delineated streams. This methodology appears to be more effective because it avoids the difficulties of manually locating appropriate Arc Hydro tools and provides an efficient method for extracting, mapping, and interpreting watershed characteristics in order to identify potential dam site locations. 
Despite the challenges associated with the open-source DEM with 30 m by 30 m resolution for the GIS-based approaches, the catchment delineation in this study provided an accurate reflection of the catchment characteristics on the ground supported by the prior understanding of the catchment and the Google Earth Pro visualization of the delineation results. However, a higher resolution DEM can be more useful to provide a piece of more detailed information ([251];[252]), especially when individual characteristics of a stream are needed. 
From the land use/land cover analysis, three major land use/land cover classes were identified in the Msimbazi catchment. High development intensity is more evident downstream of the catchment towards the Indian Ocean coast, characterized by highly compacted residential and commercial houses, offices as well as industries. The medium development intensity is observed in the middle of the catchment, with the Kinyerezi sub-catchment as an example, driven by the enormous demand for residential housing. In comparison, the low development intensity is observed upstream of the catchment towards the Kisarawe hills. Therefore, the results derived from the land use/land cover analysis reflect the reality of the catchment.
The Msimbazi catchment is one of the highly floods-impacted catchments in Tanzania; therefore, the location of dam sites also considered the fact that they have to reduce the amount of water going to the mainstream at once during the time of heavy rains. The implementation of sufficient in-street stormwater control structures is also affected by the unplanned settlements in the catchment. Dams are part of the useful flood control structures used worldwide ([253];[254]). Apart from being flood control structures, dams provide a number of other potential benefits, such as an extension of river flow in flashy and intermittent rivers. 
The findings of this study demonstrate the potential of combining multiple RS and GIS-based methodologies for extracting geomorphological information from a watershed in order to perform proper stormwater management practices, such as selecting sites for stormwater control dams.
[bookmark: _Toc97504784][bookmark: _Toc103543918][bookmark: _Toc104985242]Ndembera catchment, Tanzania
[bookmark: _Toc97504785][bookmark: _Toc103543919][bookmark: _Toc104985243]Case study description 
The Rufiji River flows entirely within the middle of Tanzania (Figure 2.13). The river is formed by the convergence of the Kilombero and Luwegu rivers. It is approximately 600 km long, with its source in southwestern Tanzania and its mouth is on the Indian Ocean at a point of Mafia Island called Mafia Channel. This principal tributary is the Great Ruaha River. It is navigable for about 100 km.
The Rufiji River is about 200 km south of Dar-es-Salaam. The river's delta contains the largest mangrove forest in eastern Africa. The Rufiji Basin is 183,791 km2 in size (about 20 % of Tanzania).
The Rufiji basin at the Lugoda dam site will locate between 33°55’ and 39°25’ east longitudes and 5°35’ and 10°45’ south latitudes.
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[bookmark: _Ref79329866][bookmark: _Toc79511159][bookmark: _Toc97428227][bookmark: _Toc98085902][bookmark: _Toc103544099][bookmark: _Toc104985422]Figure 2.13 – Case study map [255]
The Lugoda dam is located on the Ndembera River in the Iringa region, the major tributaries of the Great Ruaha River, which is a source at high elevations and accounts for 85% of the total discharge from the Usangu Plains (Figure 2.14). 15% of the Average annual flows into the Usangu Plain is provided by the Ndembera River. The Ndembera watershed, relevant to the Lugoda dam site, has a total catchment area of about 1,223 km2. The watershed elevations range from a minimum of about 1,640 m.a.s.l. (dam site) to a maximum approximately 2,600 m.a.s.l. The Lugoda dam is located approximately about 55 km upstream of the irrigation diversion weir along the Ndembera River (UTM WGS84:  E 737 776 m; N 9 084 859 m).
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[bookmark: _Ref79329993][bookmark: _Toc79511160][bookmark: _Toc97428228][bookmark: _Toc98085903][bookmark: _Toc103544100][bookmark: _Toc104985423]Figure 2.14 – Location of the Lugoda dam [255]
[bookmark: _Toc103543920][bookmark: _Toc104985244]Topography
The basin's altitude ranges from 0 meters above sea level (m.a.s.l.) in the Indian Ocean to more than 2,960 meters above sea level (m.a.s.l.) in the Iringa and Mbeya Regions' highlands (Kipengere ranges and Poroto Mountains). The Rufiji Basin is easily recognizable by its physiology. The Lower Rufiji delta and flood plain form one portion of the basin, which gradually rises into a plateau of coastal territory into Tanzania's Southern Highlands and Central Plateau.
[bookmark: _Toc79511135][bookmark: _Toc97504787][bookmark: _Toc103543921][bookmark: _Toc104985245]Geomorphology
The Rufiji's land surfaces are remnants of previous erosion cycles that were dissected or partially erased as a result of epeirogenic processes, such as crustal uplifts accompanied by tilting and faulting. Gondwanaland (late-Jurassic) surfaces in the Kipengere and Usagara Mountains, African (late-cretaceous) surfaces, African surfaces, and post-African (mid-tertiary) surfaces are the most common erosion surfaces (most dominant in the basin). Due to structural occurrences, changes in local base levels of erosion. The drainage patterns in the basin are heavily reliant on its geomorphology.
[bookmark: _Toc79511136][bookmark: _Toc97504788][bookmark: _Toc103543922][bookmark: _Toc104985246] Weather and hydrological conditions
Tanzania has a predominantly tropical savanna climate with two distinct seasons. Coastal areas are typically hot and humid, although a sea breeze cools the air significantly on the beaches. The long rains in Tanzania last from late March to June, and the short rains last from November to February. Long rains bring huge downpours and are frequently accompanied by strong storms, whereas short showers are far less severe. 
From July through October, the dry season is in effect. The hottest months are December to March, just before the heavy rains start, and the coolest months are June, July, and August when the weather is frequently gloomy. The following table highlights the project area's average weather parameters:
· Mean Maximum Temperature: 26.6°C.
· Mean Minimum Temperature: 14.6°C.
· Relativity humidity (Time 0600 UTC): 65.9%.
· Relativity humidity (Time 1200 UTC): 47.8%.
· Wind velocity: 4.18 m/s.
· Sunshine: 8.2 hours/day.
· Mean evaporation: 170.5 mm.
· Annual rainfall: 596.0 mm.
The Lugoda dam watershed is composed of 11 rivers, including the Ndembera Rive. The river flows at the Ilongo station (1KA15A; very close to the dam site) usually decreases from about 16.8 m3/s in March to around 0.5 m3/s from September to November. After this month, it rises slowly, reaching the value of 2.9 m3/s in December. 
In January and February, the flow arrives at 9.2 m3/s and 12.8 m3/s, respectively. The highest monthly Average flow is always reached in March, around 16.8 m3/s. The mean annual flow is approximately 5.69 m3/s.
[bookmark: _Toc79511137][bookmark: _Toc97504789][bookmark: _Toc103543923][bookmark: _Toc104985247]Basin Characteristics Factors of Lugoda Catchment
i. Basin area
The Ndembera River and its tributaries drain the entire geographical area, which is distinguished by all runoff being transported to the same exit. The drainage region is separated into two parts: the river area and other drainage areas.
ii. Basin length
Basin Length along the main stream from the mouth of a stream to the farthest point on the drainage divide of its basin. Topographic maps and aerial photographs are used to determine the perimeter of the basin.
iii. Effective basin width
Effective basin width is the ratio of the basin length (L), which is measured along a line aerially centered through the drainage-divide data layer from the basin outlet to where the main channel extended meets the basin divide, divided by the basin area (A).
iv. Shape factor
The ratio of basin area to basin length squared is known as the shape factor. The value of the form factor would always be less than 0.754 (for a perfectly circular watershed). The smaller the value of the form factor, the more elongated the watershed will be. The watershed with high form factors has high peak flows of shorter duration, whereas the elongated watershed with low form factor ranges from 0.54, indicating them to be elongated in shape and flow for a longer duration.
[bookmark: _Toc79511138][bookmark: _Toc97504790][bookmark: _Toc103543924][bookmark: _Toc104985248] Seismic conditions
The East African Rift zone includes a number of active as well as dormant volcanoes. As far as Tanzania is concerned, the country is geographically located in a seismic zone, and earthquakes occur periodically. The Ol Doinyo Lengai volcano is the only active volcano in Tanzania and is located in the north, close to Arusha.
There has been no record of earthquake incidents, volcanic eruptions, or landslides in the southwestern highlands of Tanzania during the last 100 years. However, minor mudslides on steep slopes as a consequence of heavy rains at the start of the rain season are anticipated but not of any major importance for the project activities. Tanzania is one of the nations traversed by EARS, the East African Rift System. Shallow earthquakes often occur in the EARS, which is part of the global divergent tectonic plate boundaries. Earthquakes of large and intermediate magnitude have been happening along the rift system as well as within the Tanzanian Craton, outside the rift.
Along with the EARS, the 1910 Lake Tanganyika earthquake had a magnitude of 7.3, making it the greatest earthquake during the instrumental period. Large and moderate earthquakes have wreaked havoc on the environment. Other seismic stations have since been established at Nairobi and Dodoma. Although there have been periods when some of these stations have not functioned, the seismic recording has generally been performed in east Africa throughout this last century.
[bookmark: _Toc97504791][bookmark: _Toc103543925][bookmark: _Toc104985249]Catchment delineation
As previously mentioned, for mapping and modeling natural hazards and risks impacted by topography, such as floods and landslides, digital elevation models (DEMs) are required. Elevation data is used to anticipate water flow and determine potential inundation zones in the case of floods because water only travels downhill and is funneled by objects higher than the water level.
The Digital Elevation Model used for the delineation of the Ndembera catchment was retrieved from the United States Geological Survey (USGS) official website [256]. Users can search catalogs of satellite and aerial imagery with the USGS Earth Explorer, which is similar to the USGS Global Visualization Viewer (GloVis). The new and enhanced version is the USGS Earth Explorer. The USGS Earth Explorer adds the following features: Data is downloaded in chronological order. 
Knowing the limits and flow regimes of the stream channels within your project area is critical when planning a development project such as embankment dam construction. It is also worth noting that, when it comes to dams avoiding effects to stream channels is not always achievable; therefore, it is critical to execute accurate and reliable delineations to reduce mitigation costs. Figure 2.15 (a) presents the clipped Digital Elevation Model (DEM), while Figure 2.15 (b) presents the boundaries of the catchment with some delineated streams.
The followings are part of the step-by-step techniques employed in the catchment delineation in this study.
· Filling sinks
To fill sinks in the Digital Elevation Model, the fill sinks tool in ArcHydro tools was utilized. This was done to eliminate the flow hampering issues because if there are cells with higher elevations surrounding a cell with a lower elevation, the water will be hampered in its flow and confined in the lower height cell, preventing the water from flowing out. As a result, the fill sinks operation tends to modify the Digital Elevation Model.
· Flow direction
For each grid cell, the flow direction tool was utilized to determine the direction of the steepest fall to a neighbor cell. This function, in general, computes the flow direction for a given grid, where the values computed in the flow direction grid's cells reflect the direction of the steepest drop from that cell. 
· Flow accumulation
The number of upstream cells draining into any given downstream cell in the grid is defined in this process. For each cell in the input grid of the given watershed, computes the flow accumulation grid, which contains the accumulated number of cells upstream of a cell. 
· Stream definition
The stream network's grid cells were chosen based on a threshold number of grid cells draining into a given downstream grid cell.
· Stream segmentation
The stream segmentation tool creates streams by separating the stream at any junction as defined in the stream definition procedure. 
· Catchment grid delineation
In the Arc Hydro Tools' Terrain Processing tool, the catchment delineation procedure was followed by catchment grid delineation. The relevant watershed is drawn and recorded in a grid file for each stream segment component established by the stream segmentation method.
· Catchment polygon processing
This technique employs the polygon generated from the catchment grid to outline the limits of each sub-basin.
· Drainage line processing
This function takes the output from the stream segmentation grid and converts it into a vector stream layer.
· Adjoint catchment processing
Because the upstream sub-basins were aggregated at any stream confluence during this process, any inaccuracy in adjoint catchment processing could cause problems with auto-extraction of a catchment of interest, especially if the DEM was not clipped to the catchment's size from the start.
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[bookmark: _Ref98104355][bookmark: _Toc97428229][bookmark: _Toc98085904][bookmark: _Toc103544101][bookmark: _Toc104985424]Figure 2.15 – Ndembera dam catchment boundary: a) clipped DEM; b) delineated catchment
[bookmark: _Toc103543926][bookmark: _Toc104985250][bookmark: _Toc97504800]Curve Number (CN) Grid Inputs Preparation 
[bookmark: _Toc103543927][bookmark: _Toc104985251]General overview
Several steps must be conducted prior to constructing the Curve Number (CN) Grid in order to prepare inputs for the Curve Number (CN) generation. As mentioned below, some of the methods involve processing Landsat images, producing soil data, combining land use/land cover data with soil data, and creating a CN Lookup table.
[bookmark: _Toc521024770][bookmark: _Toc524780687][bookmark: _Toc97504793][bookmark: _Toc103543928][bookmark: _Toc104985252]Land use and land cover analysis processes
[bookmark: _Toc521024771][bookmark: _Toc524780688][bookmark: _Toc97504794][bookmark: _Toc103543929][bookmark: _Toc104985253]Landsat data processing
· Combining bands
After loading all of the available satellite image bands into ArcMap 10.5, the Image Analysis tool was used to merge the bands using the composite bands' feature.
· Projection of the combined bands	
After combining the Landsat images, they were then converted to the Universal Transverse Mercator (UTM) projection raster form by using the Project Raster tool in the Data Management tools and considering the study area's zone.
· Clipping landsat image
Using the case study's shapefile, the projected Landsat image was trimmed to the size of the catchment.
· Band color arrangement 
Individual bands composited in a 1,2,3 (Red, Green, and Blue (RGB)) combination were altered to a 5,4,2 RGB combination in order to present the data in color for accurate visualization of the Landsat image. The colors can be arranged in a variety of ways, but the 5,4,2 RGB combination was chosen for this investigation because it provides a better visual representation of the image for classification.
· The land use classification method
The Image Classification program was used to classify land use/land cover images using the Interactive Supervised Classification and Maximum Likelihood Classification methods. 
[bookmark: _Toc103543930][bookmark: _Toc104985254]Land use and land cover analysis results
[bookmark: _Hlk98031088]Land use and land cover change analysis is one of the most important approaches for understanding how the land has been used in the past, what types of detections can be expected in the future, and the underlying causes and processes that drive these changes [257,258]. This study divided the land use and land cover change analysis process into four different years (1990, 1995, 2004, and 2011). As for DEM, the Landsat images used in this study were retrieved from the United States Geological Survey (USGS) official website [256]. Following the land use and land cover change analysis, mainly six land use classes were identified: water, wetland, dense forest, developed low intensity, developed medium intensity, and developed high intensity. From Figure 2.16, it can be observed that the largest part of the Ndembera catchment was covered by wetlands, with approximately 56.57% coverage. The high-intensity development can be observed to cover only approximately 0.86% of the total area. This suggests that in 1990 most of the catchment area was covered by more natural and less developed surfaces. According to the study conducted by Akhtar et al. [257], Changes in land usage and land cover have been one of the most massive and apparent changes on the planet's surface, according to scientists. Evaluating LULC change at various geographical scales is crucial in a variety of situations, including environmental conservation.
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[bookmark: _Ref98104423][bookmark: _Toc97428230][bookmark: _Toc98085905][bookmark: _Toc103544102][bookmark: _Toc104985425]Figure 2.16 – Land use and land cover analysis results from 1990: a) classified land cover; b) graph of classified land cover
Figure 2.17 shows that low-intensity development covered the vast majority of the Ndembera catchment, accounting for 45.44% of the total area. The high-intensity development can still be seen as being comparatively low, as it was in 1990. This implies that in 1995, the majority of the catchment area was covered by a more natural and less built surface. However, the percentage of area covered by wetlands has decreased from 56.57% in 1990 to 23.52% in 1995.
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[bookmark: _Ref98104435][bookmark: _Toc97428231][bookmark: _Toc98085906][bookmark: _Toc103544103][bookmark: _Toc104985426]Figure 2.17 – Land use and land cover analysis results from 1995: a) classified land cover; b) graph of classified land cover
Also, Landsat images were collected for 2004 and successfully analyzed in terms of land use and land cover. From Figure 2.18, it can be observed that, despite the largest part of the catchment still being occupied by the low-intensity development, the coverage of high-intensity development increased a bit compared to 1995.
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[bookmark: _Ref98104447][bookmark: _Toc97428232][bookmark: _Toc98085907][bookmark: _Toc103544104][bookmark: _Toc104985427]Figure 2.18 – Land use and land cover analysis results from 2004: a) classified land cover; b) graph of classified land cover
[bookmark: _Hlk98031144]Moreover, Landsat images from 2011 were also retrieved and analyzed for land use and land cover. From Figure 2.19, it can be observed that there is a significant change in terms of land surface cover as compared to the one in 2004. The medium intensity development has significantly increased to approximately 54.71% within seven years compared to 25.91% in 2004. The literature highlights that environmental elements such as soil composition, climate, topography, and vegetation limit land use [259]. The proximate sources of change are human activities that make use of land cover features and hence change or sustain them.
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[bookmark: _Ref98104459][bookmark: _Toc97428233][bookmark: _Toc98085908][bookmark: _Toc103544105][bookmark: _Toc104985428]Figure 2.19 – Land use and land cover analysis results from 2011: a) classified land cover; b) graph of classified land cover
[bookmark: _Toc521024772][bookmark: _Toc524780689][bookmark: _Toc97504795][bookmark: _Toc103543931][bookmark: _Toc104985255]Preparing Soil Data for CN Grid
[bookmark: _Toc521024773][bookmark: _Toc524780690]According to the classification of (USDA, 1986), there are four types of soil hydrologic groups: A, B, C, and D. High infiltration rates are associated with group A soil types; moderate infiltration rates are associated with group B soil types; slow infiltration rates are associated with group C soil types; extremely slow infiltration rates are associated with group D soil types. Different sorts of hydrological groups were identified in the soil maps used in this study.
[bookmark: _Toc97504796][bookmark: _Toc103543932][bookmark: _Toc104985256]Merging of Soil and Land Use Data
Because the CN grid requires both soil and land use data, both the land-use class and soil class of the research region were prepared in shape file format, as previously mentioned. The two datasets are critical for generating curve numbers (CNs). The two shape files have to be united using the union function in the Analysis Tools of the Arc GIS 10.5 software package in order to use the data for Curve Number creation. The land use and soil feature classes are both used as inputs to the union function. The integrated features' output included attribute values from both land use and soil data.
[bookmark: _Toc521024774][bookmark: _Toc524780691][bookmark: _Toc97504797][bookmark: _Toc103543933][bookmark: _Toc104985257]Creating CN Look-up Table
As an input table for CN grid generation, the curve number look-up table is critical. Curve Numbers for each of the relevant soil groups for each land use category are stored in the table's columns A, B, C, and D.
[bookmark: _Toc521024777][bookmark: _Toc524780694][bookmark: _Toc97504798][bookmark: _Toc103543934][bookmark: _Toc104985258]Curve Number Grid Generation
The following are the inputs required by the HEC-Geo HMS to generate the Curve Number Grid: Merged land use and soil data; The sink-filled DEM; CN lookup table.
All of the above-mentioned datasets were prepared in their requisite formats in the previous phases, and the files were utilized as inputs to generate the CN grid using the Create CN Grid tool in the HEC- Geo HMS extension's utility function. 
[bookmark: _Toc104985259]Curve Number grid
The use of a curve number grid allows one to extract curve numbers for any area in the watershed without having to perform any computations. It has to be noted that the Curve Number (CN) approach is among the reliable approaches for estimating precipitation excess/loss that takes land use and soil types into account. The CN techniques were developed through empirical research on small agricultural watersheds. The CN value is usually lumped as an average of the subbasin or watershed in most uses of the CN method [260]. Figure 2.20 presents the CN grid for the Ndembera catchment from 1990 datasets.
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[bookmark: _Ref98104510][bookmark: _Toc97428234][bookmark: _Toc98085909][bookmark: _Toc103544106][bookmark: _Toc104985429]Figure 2.20 – Curve Number grid
The weighted average of the initial Curve Number (CN) values of the vegetation, impervious surface, and soil fractions yields the composite CN. Surface runoff is then simulated using this composite CN approach under the specified precipitation for the research area. Table 2.3 presents the composite CN and percent change for the four years investigated in this study.
[bookmark: _Ref98104609][bookmark: _Toc97077193][bookmark: _Toc103544243][bookmark: _Toc104985569]Table 2.3 – Composite CN in the Ndembera catchment
	Year
	Composite CN
	Percent change (%)

	1990
	34.15
	0

	1995
	36.22
	6.08

	2004
	42.56
	24.65

	2011
	53.96
	58.028



[bookmark: _Toc97504801][bookmark: _Toc103543935][bookmark: _Toc104985260]Chardara catchment, Kazakhstan
[bookmark: _Toc97504802][bookmark: _Toc103543936][bookmark: _Toc104985261]Case study description
The Chardara dam, which encompasses the Golodniy steppe, the Arnasay depression, and the Syrdariya valley, is located in Kazakhstan's South-Kazakh region, at the end of the middle stream of the Syrdariya river, to the north of the Turkestan mountains (Figure 2.21). The Kyzyl-Kum canal receives agricultural water from the dam. The reservoir at the dam has a storage capacity of 5.7 billion m3 (4,600,000 acreft) and a surface area of 900 km2 (350 sq mi). The Central Asia department of Tashkent's "Hydroproject" Institute designed the dam between 1955 and 1967. The reservoir was entirely impounded in 1968, after construction was completed in October 1967.
The Chardara dam is made up of a hydraulic fill embankment, a channel-type power station with two sluices on the left and right sides of the power station, and a Kyzylkum regulator on the river's left bank (Figure 2.21). The dam was built by filling it with hydraulic fluid from two sides. Reinforced concrete slabs were put on a gravel-sandy bed to enhance the embankment's upstream slope. A double-layer of the inverted filter was put at the concrete facing joints. Local silty-gravel material reinforces the downstream slope. At the bottom of the downstream slope, a pipe drain with a triple-layered inverted filter was built. There are relief wells and a drainage water conduit at the downstream toe. There is a 6m wide asphalt road at the dam crest. Table 2.4 presents the dimensions of the Chardara reservoir.
[bookmark: _Ref98104643][bookmark: _Toc97077194][bookmark: _Toc103544244][bookmark: _Toc104985570]Table 2.4 – General dimensions of the Chardara reservoir
	Parameter
	Source
	Unit
	Value

	Total storage capacity
	Design
	mm3
	5700

	
	1977 Survey
	mm3
	5197

	Active storage capacity
	Design
	mm3
	4700

	
	1977 Survey
	mm3
	4230

	Dead storage capacity
	Design
	mm3
	1000

	
	1977 Survey
	mm3
	967

	Full storage level
	Survey
	m.a.s.l..
	252

	Maximum water level
	Survey
	m.a.s.l..
	253

	Dead storage level
	Survey
	m.a.s.l..
	244

	The surface level at FSL
	Design
	km2
	900

	
	1977 Survey
	km2
	783.4


The purpose of the water reservoir is:
· Distribution of winter runoff of Syrdariya river for summertime needs for irrigation of the area about 370 thousand hectares.
· Prevent dangerous summer and winter floods that cause flooding of populated areas, irrigated areas, and the railway line in Syrdariya valley.
· Generation of electric power.
	[bookmark: _Ref98104693][bookmark: _Toc97428235][bookmark: _Toc98085910][bookmark: _Toc103544107][image: ]


[bookmark: _Ref104480490][bookmark: _Ref104480397][bookmark: _Toc104985430]Figure 2.21 – Case study location
1.1.1.2 [bookmark: _Toc97504803][bookmark: _Toc103543937][bookmark: _Toc104985262]Catchment delineation
The USGS website [256] provided the Digital Elevation Model used to outline the Chardara watershed. Users can search satellite and aerial image collections using the USGS Earth Explorer, which is similar to the USGS Global Visualization Viewer (GloVis); the USGS Earth Explorer is an updated and improved version of the previous version.  Figure 2.22 presents the clipped DEM for the Chardara catchment. 
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[bookmark: _Ref98104715][bookmark: _Toc97428236][bookmark: _Toc98085911][bookmark: _Toc103544108][bookmark: _Toc104985431]Figure 2.22 – Digital Elevation Model
By determining the flow direction using a combination of ArcHydro and Spatial Analyst tools in ArcGIS, the catchment boundaries and streams were identified from DEM. The Flow Direction tool was used to build a raster reflecting the flow direction to identify the contributing area. Figure 2.23 presents the delineated Chardara catchment from DEM.
[image: ]
[bookmark: _Ref98104733][bookmark: _Toc97428237][bookmark: _Toc98085912][bookmark: _Toc103544109][bookmark: _Toc104985432]Figure 2.23 – Delineated catchment
1.1.1.3 [bookmark: _Toc97504804][bookmark: _Toc103543938][bookmark: _Toc104985263]Land use and land cover change analysis
As previously mentioned, a land-use classification is a categorization that provides information on the land cover as well as the sorts of human activity that take place in that area. It may also make assessing environmental consequences on land, as well as possible or alternative uses of land, easier [261]. Water, vegetation, developed low intensity, developed medium intensity, and developed high-intensity land use classifications were established as a result of the land use and land cover change analysis (Figure 2.24). 
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[bookmark: _Ref98104743][bookmark: _Toc97428238][bookmark: _Toc98085913][bookmark: _Toc103544110][bookmark: _Toc104985433]Figure 2.24 – Classified land use and land cover from 2000 datasets
[bookmark: _Hlk98031243]Figure 2.25 shows that low-intensity development covered the majority of the Chardara catchment in 2000, accounting for approximately 36482.77 km2 of the catchment, followed by a relatively large area covered by vegetation cover (Figure 2.25). It is also interesting to note that there were more areas covered by high-intensity development compared to that of medium-intensity development. The phenomenon suggests that the convention of the natural surface into high-intensity development is relatively high in the catchment.

[bookmark: _Ref98102236][bookmark: _Toc97428239][bookmark: _Toc98085914][bookmark: _Toc103544111][bookmark: _Toc104985434]Figure 2.25 – Land use and land cover coverage in 2000
It is also important to highlight that the cell is the fundamental unit of the raster data model. Cells store information about the conditions at a specific spot on the planet's surface. Cell values can be integers (whole numbers) or floating points, depending on the type of data being stored (numbers with decimals). Continuous data is stored in the form of a raster with floating-point cell values. Nondiscrete data, field data, and surface data are all terms used to describe this type of data. The data is well stored to allow a large number of significant digits as well as a wide range of values. Therefore, in this study, the classified map from the 2011 datasets was then stored in float type (Figure 2.26 (a)) and integer type (Figure 2.26 (b)).
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(b)


[bookmark: _Ref98104794][bookmark: _Toc97428240][bookmark: _Toc98085915][bookmark: _Toc103544112][bookmark: _Toc104985435]Figure 2.26 – Raster to polygon: a) float type; b) integer type
Also, water, vegetation, developed low intensity, developed medium intensity, and developed high-intensity land use classifications were established as a result of the land use and land cover change analysis for 2011 datasets (Figure 2.27). Moreover, from the 2011 datasets, 56.28 was achieved as a composite curve number (CN56.28).
	[image: ]
	[image: ]


[bookmark: _Ref98104811][bookmark: _Toc97428241][bookmark: _Toc98085916][bookmark: _Toc103544113][bookmark: _Toc104985436]Figure 2.27 – Classified land use and land cover from 2011 datasets
From Figure 2.28, it can be observed that despite an increase in the areas covered by vegetation, there is a significant increase in the medium intensity development and high-intensity development compared to 2000.

[bookmark: _Ref98104826][bookmark: _Toc97428242][bookmark: _Toc98085917][bookmark: _Toc103544114][bookmark: _Toc104985437]Figure 2.28 – Land use and land cover coverage in 2011
The classified map based on the identified land use and land cover types was then converted to polygon (Figure 2.29). Polygons were extracted from units in a raster map using the Raster to Polygons technique. The output polygon map had the same domain as the input raster map, which means that the polygons in the output polygon map had the same class names or identifications as the input raster map.
[image: ]
[bookmark: _Ref98104835][bookmark: _Toc97428243][bookmark: _Toc98085918][bookmark: _Toc103544115][bookmark: _Toc104985438]Figure 2.29 – Raster to polygon output from 2011 datasets
[bookmark: _Toc103543939][bookmark: _Toc104985264]Summary for chapter two
· The purpose of this research was to integrate the use of DEM, Land use/land cover attributes, and HEC-GeoHMS as a plugin in the ArcGIS interface for watershed delineation and identifying prospective dam sites in a flood-affected catchment to see how GIS and RS may help with various engineering tasks. For the watershed delineation and development of a base map for candidate dam sites as flood control structures, this study used GIS-based methodologies using a 30m resolution DEM. 
· A total area of 267.24 km2 has been defined. The study used Landsat and Google Earth pictures to assess the land surface features of the study catchment for runoff affecting elements, as well as to identify potential physical barriers on the ground for precise catchment delineation. A total of five land-use classes were chosen (water, developed high intensity, developed medium intensity, developed low intensity, and vegetation). The degree of development intensity increases downstream and decreases upstream of the catchment. This occurrence reflects the catchment's true state.
· The Rational Method for Runoff Discharge Estimation was used to calculate the total possible runoff discharge in the watershed, as well as the discharge for each subbasin contributing to the potential dam sites. The total discharge from December 20, 2011, heavy rainfall event was predicted to be 8069.5 m3/s. This study's findings reveal the importance of RS and GIS-based approaches in the evaluation of potential dam sites as part of engineering, catchment management, and decision-making operations. The dam locations chosen could capture around 75.15% of the runoff generated in the watershed, which would then be released at a controlled pace based on the capacity and other needs of the downstream receiving stream.
· Wetlands covered the majority of the Ndembera catchment in 1990, accounting for 56.57% of the total area. The area covered by high-intensity development is just about 0.86 % of the overall area. This indicates that the majority of the catchment area was covered by more natural and less developed areas in 1990. In addition, photos from the Landsat satellite from 2011 were obtained and evaluated for land use and land cover. In just seven years, the medium intensity development rate has risen to over 54.71%, up from 25.91% in 2004.
· The majority of the Chardara catchment was covered by low-intensity development in 2000, accounting for approximately 36482.77 km2 of the catchment, followed by a comparatively substantial amount covered by a vegetative cover. It's also worth noting that areas covered by high-intensity development were larger than those covered by medium-intensity development. The phenomena show that in the watershed, the natural surface is rather well-suited to high-intensity development.
· Dams, when appropriately positioned and engineered, can play a vital engineering role in flood control. Dams in urban locations can also be used for recreation, micro-scale hydropower generation, soil erosion management, and extending river flow while preserving the ecosystem for intermittent flashy rivers. 
· In general, based on the methodologies and findings of this study, a number of conclusions can be drawn:
· Using HEC-GeoHMS to install ArcHydro tools is also more efficient than manually searching for and installing ArcHydro tools.
· The HEC-GeoHMS integrated work environment's catchment delineation appears to be robust and efficient.
· HEC-GeoHMS delivers extensive information during project development (creation of catchment border and streams).
· Another effective method for dam site assessment and selection is to combine watershed delineation, land use/land cover research, and high-resolution, up-to-date imagery investigations.
[bookmark: _Toc103543940][bookmark: _Toc104985265]Stormwater modeling
[bookmark: _Toc97504807][bookmark: _Toc103543941][bookmark: _Toc104985266]Modeling approach 
This chapter aims to use the Soil Conservation Service Curve Number (SCS-CN) approach in conjunction with Geographic Information Techniques to determine runoff depth. It is also worth noting that a rainfall-runoff model is a mathematical representation of a catchment area's, drainage basin's, or watershed's rainfall-runoff relationships. Equations (3.1) to (3.5) summarize the modeling approach used in this study.
The first Equation (3.1) is an empirical equation rather than a physically-based equation because it is based on trends detected in data from collected sites. The initial abstractions, Ia, might be determined as a percentage of S after additional empirical examination of the trends in the database (3.2). With this assumption, the equation (3.3) might be reduced to just having three variables. The parameter CN is a transformation of S that is used to make operations like interpolation, averaging, and weighting more linear (3.4).
	
	
	[bookmark: _Ref103557512](3.1)


Whereby:
Q – is the runoff, P – is the precipitation, S – is the potential maximum retention after the runoff begins, and Ia – accounts for the initial abstractions. 
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[bookmark: _Toc97504808][bookmark: _Toc103543942][bookmark: _Toc104985267]Ndembera catchment
Impervious surfaces have the disadvantage of preventing rainwater from naturally soaking into the ground and gently seeping into streams. Instead, rainwater collects and quickly runs into storm drains. This causes significant harm to streams in three ways. Storm drains send huge volumes of water to streams much faster than would normally occur, resulting in flooding and bank erosion. 
In wooded watersheds, a considerable part of rainfall is absorbed into soils (infiltration), stored as groundwater, and slowly discharged to streams via seeps and springs. Flooding is less of a concern in these circumstances because some of the storm runoff is absorbed into the ground, reducing the amount of runoff into a stream. As watersheds become more urbanized, impermeable surfaces replace most of the vegetation, reducing the area where groundwater infiltration can occur. As a result, there is greater stormwater runoff, which requires substantial drainage systems that incorporate curbs, storm sewers, and ditches to transport stormwater runoff straight to streams.
Simply said, in a developed watershed, a stream receives much more water much faster, resulting in a higher likelihood of more frequent and severe floods. Flooding is an issue for households as well as the local government, which is responsible for cleaning up the sand and debris left behind after a flood.
Stream gages are used to measure stage and are made up of a structure that houses the equipment that are needed to measure, store, and transmit stream-stage data. Stage, also known as gage height, can be measured in a number of ways. A stilling well in the riverbank or attached to a bridge pier is a frequent method. Water from the river enters and exits the stilling well via underwater pipes, allowing the stilling well's water surface to be at the same elevation as the river's. The stage is then measured using a float or a pressure, optic, or acoustic sensor inside the stilling well. The measured stage value is saved in an electronic data recorder on a regular basis, usually every 15 minutes. 
In this study, the observed flow from streamflow measurement was used to validate the modeled flow. The observed or measured flow within the Ndemebera catchment is approximately 0.179 bcm/year, as seen in Table 3.1. However, based on the modeling, a flow of about 0.115 bcm/year was retrieved from 1990, which is equivalent to 36% less than the observed flow. This phenomenon is due to the fact that the land surface in 1990 was covered by a more natural landscape that allowed much of the precipitation to infiltrate to the ground, which in turn produced less runoff at a time. In Guzha's et al. investigation, a similar occurrence was discovered as well [262], on the evidence from East Africa on the effects of land use and land cover change on surface runoff, discharge, and low flows; whereby the authors observed that forest cover loss is estimated to increase annual flows and surface runoff by 16% and 45%, respectively, according to modeling studies. Also, according to the study, peak flows increased by an average of 10%, while low flows declined by an average of 7.3%; annual flows and surface runoff are reduced by 13% and 25.5%, respectively, when forest cover is increased.
Climate factors that affect stream flows include air temperature, precipitation type, and precipitation and snowmelt timing. However, over the last three decades, human land and water resource management have had a greater impact on stream flows than climate change. Whereby in this study, it is revealed further that there are more effects when the changes in land surface cover are combined with extreme climatic conditions. From Table 3.1, it can be seen that when the modeling process combined the 98 composite curve number (CN98) and the extreme event, a flow of approximately 5.36 bcm/year was retrieved, which is equivalent to a 2884.821% increase from the observed or measured flow.
[bookmark: _Ref98104875][bookmark: _Toc97077195][bookmark: _Toc103544245][bookmark: _Toc104985571]Table 3.1 – Flow results
	Parameter
	Occurrence 
	Flow (bcm/year)
	Percent difference (%)

	Observed flow
	2011
	0.179
	0

	Modeled flow
	1990
	0.115
	-36.049

	Modeled flow
	1995
	0.122
	-32.160

	Modeled flow
	2004
	0.143
	-20.285

	Modeled flow
	2011
	0.181
	1.06

	Modeled at CN98
	CN98
	0.319
	77.915

	Modeled at extreme event
	Extreme event
	3.042
	1595.448

	Modeled at CN98 and extreme event
	Extreme event and CN98 combined
	5.356
	2884.821



The water level in naturally formed reservoirs is frequently observed by placing a monitoring system in a stilling tube positioned in an instrument tower near the water extraction pump. This instrument tower will be constructed with the least amount of water extraction possible or permissible. In this study, the Modeled reservoir depth from the 1990 datasets is approximately 17.8 m which is 10.03 less than the measured depth (Table 3.2). Based on the mathematical modeling, the Modeled water depth retrieved from the 1990 datasets is a result of the computed runoff. However, the depth value obtained from the 1990 datasets can be highly affected by the fact that the SCS CN method is an event-based rainfall-runoff simulation method, whereby, over a long run during the entire year, can result in different depths.
Most notably, when the projected CN was combined with the extreme precipitation event, it resulted in roughly 830.68 m depth at a time, which might indicate a potential failure when such a depth is subjected to the dam embankment.
[bookmark: _Ref98104919][bookmark: _Toc97077196][bookmark: _Toc103544246][bookmark: _Toc104985572]Table 3.2 – Depth results
	Parameter
	Occurrence
	Depth (m)

	Current
	Measured
	27.83

	Modeled flow
	1990
	17.797

	Modeled flow
	1995
	18.880

	Modeled flow
	2004
	22.185

	Modeled flow
	2011
	28.125

	Modeled at CN98
	CN98
	49.5138

	Modeled at extreme event
	Extreme event
	471.843

	Modeled at CN98 and extreme event
	Extreme event and CN98 combined
	830.676


[bookmark: _Toc97504809][bookmark: _Toc103543943][bookmark: _Toc104985268]Chardara catchment
From Table 3.3, it can be observed that the observed or measured flow within the Chardara catchment is approximately 1180 m3/s. However, based on the modeling, a flow of about 1209.382 m3/s was retrieved from 2011 (CN56.28), which is equivalent to a 2.49% difference from the observed flow. This phenomenon is due to the fact that the land surface in 1990 was covered by a more natural landscape that allowed much of the precipitation to infiltrate to the ground, which in turn produced less runoff at a time.
[bookmark: _Ref98104961][bookmark: _Toc97077197][bookmark: _Toc103544247][bookmark: _Toc104985573]Table 3.3 – Flow characteristics
	Parameter
	Occurrence
	Flow (m3/s)
	Percent change (%)

	Observed flow
	Measured
	1180
	0

	Modeled at CN = 56.28
	2011
	1209.382
	2.49

	Modeled at CN98
	Projected
	2041.423
	73.002

	Modeled at extreme event
	Extreme event
	1798.095
	52.381

	Modeled at the extreme event and CN98
	Extreme event and CN98 combined
	3035.164
	157.217



It is also important to highlight that, during the wet season, the reservoir holds storm-generated runoff and releases it during low-flow regimes or dry spells. The reservoir/dam scheme's implementation and construction both necessitate precise engineering planning and precision. Despite the fact that the dam structure is being planned with engineering caution, it may face an acceptable risk of failure. From Table 3.4, it can be seen that the Modeled depth at CN98 is 43.8877 m which is approximately 68.8% more compared to the current reservoir depth. Moreover, following a combination of extreme events and CN98, the Modeled reservoir depth becomes 105.94% more than the measured depth. In such a scenario, there is a high chance that the embankment will be subjected to runoff resulting from CN98 and extreme event due to both overtopping and slope failure under rapid drawdown scenarios.
According to Xiajing Lin et al.[263], the accompanying water erosion and corrosion have increased the vulnerability of aging dams in the United States in recent years as a result of increasingly intense rainstorm events.
[bookmark: _Ref98104983][bookmark: _Toc97077198][bookmark: _Toc103544248][bookmark: _Toc104985574]Table 3.4 – Depth characteristics
	Parameter
	Depth (m)

	Observed flow
	26

	Modeled at CN98
	43.888

	Modeled at extreme event
	31.721

	Modeled at the extreme event and CN98
	53.544


[bookmark: _Toc103543944][bookmark: _Toc104985269]Summary of chapter three
In this chapter, the Soil Conservation Service Curve Number (SCS-CN) method was employed for the estimation of runoff depth within two study catchments (Ndembera in Tanzania and Chardara in Kazakhstan). 
The results then observed that the measured flow within the Ndemebera catchment is approximately 0.179 bcm/year. However, based on the modeling, a flow of about 0.115 bcm/year was retrieved from 1990, which is equivalent to 36% less than the observed flow. This phenomenon is due to the fact that the land surface in 1990 was covered by a more natural landscape that allowed much of the precipitation to infiltrate to the ground, which in turn produced less runoff at a time. Also, from the modeling process that combined the CN98 and the extreme event, a flow of approximately 5.36 bcm/year was retrieved, which is equivalent to a 2884.821% increase from the observed or measured flow.
Moreover, it was observed that the measured flow within the Chardara catchment is approximately 1180 m3/s. However, based on the modeling, a flow of about 1209.382 m3/s was retrieved from 2011, which is equivalent to a 2.49% difference from the observed flow. This phenomenon is due to the fact that the land surface in 1990 was covered by a more natural landscape that allowed much of the precipitation to infiltrate to the ground, which in turn produced less runoff at a time.

[bookmark: _Toc103543945][bookmark: _Toc104985270]Seepage and slope stability analysis based on virtual models
[bookmark: _Toc97504812][bookmark: _Toc103543946][bookmark: _Toc104985271][bookmark: _Hlk74178160]Homogeneous case with water level: The potential effects caused by long-term water level changes on embankment slope stability under rapid drawdown
[bookmark: _Toc97504813][bookmark: _Toc103543947][bookmark: _Toc104985272]Materials and methods
[bookmark: _Toc97504814][bookmark: _Toc103543948][bookmark: _Toc104985273]General description of the numerical simulation
To investigate the influence of a rapid drawdown on the slopes, FEM analyses were performed for three different cases as determined by the initial maximum water levels (Table 4.1). The modeling process in this study was achieved using the GeoStudio software packages (GeoStudio 2018 R2 v9.1.1.16749). Mainly SEEP/W and SLOPE/W sub-units were used for the seepage analysis and slope stability analysis, respectively.
[bookmark: _Ref98104997][bookmark: _Toc97077199][bookmark: _Toc103544249][bookmark: _Toc104985575]Table 4.1 – General cases of the investigation
	Study
	Maximum water level (m)
	Freeboard (m)

	Case I
	10
	3

	Case II
	8
	5

	Case III
	6
	7



[bookmark: _Toc103543949][bookmark: _Toc104985274]The geometry of the embankment
While modifying the starting maximum water levels in the reservoir, the shape of the embankment was kept constant in all three primary experiments. The embankment width was approximately 59 m wide at the base and 7 m at the top, and 13 m high (Figure 4.1). Also, the embankment was provided with a toe drain to prevent water from exiting along the downstream slope face. The heads in the reservoir before drawdown were 10 m, 8 m, and 6 m. 
To simulate the toe drain, a zero-pressure head boundary condition was applied to the toe drain region. The results from steady-state Parent Analysis were used as the initial conditions for the Instantaneous drawdown and the 5-day drawdown. 
The top width is an important parameter when designing an earthen dam and is a function of its height. Normally, the minimum top width should be designed in such a way that it can provide a safe percolation gradient at full reservoir operating conditions. Equation (4.1) provides a summary of the formula used in the estimation of the minimum top width of the study embankment.
	
	
	[bookmark: _Ref103555526](4.1)


Whereby: 
W – Top width of the dam, m; H – Height of the dam, m. 
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[bookmark: _Ref98105017][bookmark: _Toc97428244][bookmark: _Toc98085919][bookmark: _Toc103544116][bookmark: _Toc104985439]Figure 4.1 – General embankment geometry used in the numerical modeling
[bookmark: _Toc97504816][bookmark: _Toc103543950][bookmark: _Toc104985275]Seepage analysis 
The SEEP/W water transfer analysis was used to evaluate changing pore-water pressure conditions after the reservoir had been drained. It was in the interest of this study to investigate the worst case where the reservoir is drained instantaneously. However, more realistically, the reservoir was drained over 5 days (Figure 4.2). Initially, a transient seepage analysis is done to get seepage-induced pore pressures and free groundwater surface for various drawdown rates and drawdown ratios in the modeling of slope drawdown behavior. 
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[bookmark: _Ref98105030][bookmark: _Toc97428245][bookmark: _Toc98085920][bookmark: _Toc103544117][bookmark: _Toc104985440]Figure 4.2 – Water total head function
[bookmark: _Toc97504817][bookmark: _Toc103543951][bookmark: _Toc104985276]Slope stability analysis 
The stability analysis was performed using the SLOPE/W unit of the GeoStudio with the help of the Spencer method. According to slope stability analysis, if the forces resisting embankment movement are larger than the forces causing the movement, the embankment slope is considered stable. When analyzing slope stability, a factor of safety (FS) is derived by dividing the resistance by the driving forces. A factor of safety larger than one indicates that the slope is steady in this circumstance. The Spencer approach, which was utilized in this study, allows for unrestricted slip plains and, as a result, can be used to calculate the FS along any slip surface. According to the literature, rigid equilibrium and an unrestricted slip surface produce more exact safety factors than the other approaches [162].
[bookmark: _Toc97504818][bookmark: _Toc103543952][bookmark: _Toc104985277]Soil material characteristics 
In terms of soil parameters, the embankment evaluated in this study is believed to be homogeneous. In addition, the soil material specifications for the embankment were held constant during all three study sessions to eliminate any fluctuation in the data that was not caused by variations in beginning maximum water levels. Table 4.2 provides a summary of the main soil material properties used in this study. 
[bookmark: _Ref98105048][bookmark: _Toc97077200][bookmark: _Toc103544250][bookmark: _Toc104985576]Table 4.2 – Soil properties 
	Soil material properties
	Symbol
	Unit
	Value

	Saturated water content
	
	
	43

	Coefficient of volume compressibility
	
	
	

	Saturated conductivity
	
	
	

	Residual water content
	
	
	5.5

	Soil unit weight
	
	
	20

	Cohesion
	
	
	5

	Internal friction angle
	
	
	25



Under saturated/unsaturated scenarios, the volumetric water content and hydraulic conductivity functions were important inputs defining the soil characteristics in the model (Figure 4.3). This was achieved using built-in functions that required only fundamental information such as saturated hydraulic conductivity, water content, and coefficient of volume compressibility.
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[bookmark: _Ref98105078][bookmark: _Toc97428246][bookmark: _Toc98085921][bookmark: _Toc103544118][bookmark: _Toc104985441]Figure 4.3 – Functions: a) volumetric water content; b) hydraulic conductivity function
[bookmark: _Toc97504819][bookmark: _Toc103543953][bookmark: _Toc104985278]Results and discussion
[bookmark: _Toc97504820][bookmark: _Toc103543954][bookmark: _Toc104985279]Seepage analysis 
Seepage analysis was conducted for the steady-state, instantaneous, and 5 days drawdowns for all three water levels, and the pore-water pressures from the seepage analysis were then used as inputs to the slope stability analyses.
[bookmark: _Toc97504821][bookmark: _Toc103543955][bookmark: _Toc104985280]Seepage analysis results from 10 m water level
The long-term steady-state analysis was successfully performed. Figure 4.4a shows the long-term, steady-state conditions established in the reservoir from the 10m long-term water level, while Figure 4.4b and Figure 4.4c show phreatic lines after the instantaneous and 5 days drawdown, respectively. It can be observed that the design of the embankment allows for most of the seepage water to be collected in the toe drain downstream. From the piezometric lines, it can be observed that, after the two rapid drawdown scenarios (instantaneous and 5 days), water stored within the embankment gradually drains from areas of high pore-water pressure [264]. This means the position of the piezometric line changes over time during the drawdown process, as shown in Figure 4.4, with the seepage face also reducing as the water goes down. It is of significant necessity that seepage through the embankment is controlled and safely carried away to prevent instability of the downstream slope [265]. Therefore, the phreatic line should not intersect the downstream slope, and the design should be in such a way that the line is a distance greater than the capillary rise below the downstream sloping face to eliminate the chances of the sloughing or piping [266].
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[bookmark: _Ref98105099][bookmark: _Toc97428247][bookmark: _Toc98085922][bookmark: _Toc103544119][bookmark: _Toc104985442]Figure 4.4 – Seepage results under 10 m water level: a) long-term steady-state; b) instantaneous drawdown; c) 5 days drawdown; d) 10 days drawdown
[bookmark: _Hlk73927603][bookmark: _Toc97504822][bookmark: _Toc103543956][bookmark: _Toc104985281]Seepage analysis results from 8m water level
The water level in the reservoir was then reduced to 8m and then subjected to the long-term steady-state before drawdown. The level of the piezometric line from the steady-state analysis starts from the maximum reservoir level (8 m) towards the toe drain downstream.  As for the 10 m water level, it can be observed from the piezometric lines that the water stored in the embankment gradually drained from areas of high pore-water pressure, and the seepage face decreased with time following the rapid drawdown scenarios (Figure 4.5). 
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[bookmark: _Ref98105154][bookmark: _Toc97428248][bookmark: _Toc98085923][bookmark: _Toc103544120][bookmark: _Toc104985443]Figure 4.5 – Seepage results under 8m water level: a) long-term steady-state; b) 5 days drawdown
[bookmark: _Toc97504823][bookmark: _Toc103543957][bookmark: _Toc104985282]Seepage analysis results from 6m water level
Then the water level in the reservoir was further reduced to 6m, and the long-term steady-state was established. In this case, the maximum water level was almost half of the embankment height. 
A similar phenomenon as observed from the 10 m and 8 m water levels in terms of piezometric lines and size of the seepage face can be seen in Figure 4.6. The level of the piezometric line from the steady-state analysis starts from the maximum reservoir level towards the toe drain downstream. While from the 5 days drawdown, 30 different piezometric lines were drawn over 30 days of the analysis duration from the upstream face to the toe drain downstream. The lines are more scattered at the upstream face and more concentrated as they move towards the toes drain. 
The scattering of the piezometric lines on the upstream face is more evident within the 5 days of the rapid drawdown and more compacted as the water has been completely drawn from the reservoir (Figure 4.6).
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[bookmark: _Ref98105184][bookmark: _Toc97428249][bookmark: _Toc98085924][bookmark: _Toc103544121][bookmark: _Toc104985444]Figure 4.6 – Seepage results under 6m water level: a) long-term steady-state; b) 5 days drawdown
[bookmark: _Toc97504824][bookmark: _Toc103543958][bookmark: _Toc104985283]Slope stability
The slope stability analysis was accomplished using The Draw Slip Surface command in SLOPE/W. Finally, the plots of Factor of Safety versus time were created given the rapid drawdown scenarios as shown in the Figures below.
[bookmark: _Toc97504825][bookmark: _Toc103543959][bookmark: _Toc104985284]Slope stability analysis results from 10 m water level
From Figure 4.7, it can be observed that a factor of safety of 1.562 was achieved from the steady-state slope stability analysis, which is above the minimum value recommended by different regulatory agencies [267,268]. However, the values of the factor of safety are observed to drop below 1.0 immediately following the instantaneous (Figure 4.7) drawdown. The factor of safety declined to around 0.8 on the first day of the instantaneous drawdown, and the lowest factor of safety value of approximately 1.04 was reached on the fourth day of the 5-day drawdown rate. In the literature [243,269], when it comes to embankment dams, rapid drawdown situations have been reported to be particularly risky, with the higher the rate of drawdown, the greater the chance of failure. Furthermore, as a result of the dissipation of the excess pore-water pressure within the embankment, the factor of safety values from both instantaneous and 5-day drawdowns tend to recover over time. 
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[bookmark: _Ref98105202][bookmark: _Toc97428250][bookmark: _Toc98085925][bookmark: _Toc103544122][bookmark: _Toc104985445][bookmark: _Hlk104155475]Figure 4.7 – Slope stability results for 10 m water level: a) long-term steady-state; b) instantaneous drawdown slip surface; c) 5 days drawdown slip surface; d) instantaneous drawdown graph; e) 5 days drawdown graph
From Figure 4.8, it can be observed that a minimum factor of safety of 1.009 was achieved from the 10 m water level and 10 days drawdown rate. Still, the retrieved factor of safety does not provide a high confidence level in terms of slope stability. 
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[bookmark: _Ref102352395][bookmark: _Toc103544123][bookmark: _Toc104985446]Figure 4.8 – Slope stability results for 10 m water level and 10 days drawdown: a) slip surface; b) graph of factor of safety values
[bookmark: _Toc97504826][bookmark: _Toc103543960][bookmark: _Toc104985285]Slope stability analysis results from 8m water level
[bookmark: _Hlk73908281]After subjecting the same embankment to an 8 m water level, the steady-state factor of safety was reduced to 1.441 (Figure 4.9) from 1.562 achieved from the 10 m water level. The reduction in the factor of safety is equivalent to 7.75%. 
The factor of safety declined to roughly 0.93 one day after the immediate drawdown, and it was noted that the factor of safety began to recover the second day after the instantaneous drawdown. 
Also, from the 5 days drawdown, even though the factor of safety values kept on decreasing within the first five days, they were still above 1.0 and started recovering from the 6th day. However, recovery from both immediate and 5 days drawdowns is a more protracted process that appears to be getting more sluggish with time. 
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[bookmark: _Ref98105215][bookmark: _Toc97428251][bookmark: _Toc98085926][bookmark: _Toc103544124][bookmark: _Toc104985447]Figure 4.9 – Slope stability results for 8 m water level: a) long-term steady-state with slip surface; b) instantaneous drawdown slip surface; c) 5 days drawdown slip surface; d) instantaneous drawdown graph; e) 5 days drawdown graph. HRAF = hypothetical region after failure.
[bookmark: _Toc97504827][bookmark: _Toc103543961][bookmark: _Toc104985286]Slope stability analysis results from 6m water level
The steady-state factor of safety was also reduced to 1.352 after the same embankment was subjected to a 6m water level (Figure 4.10); this equates to a 6.18 % reduction in the 8 m water level steady-state factors of safety and a 13.44 % reduction in the 10 m water level steady-state factors of safety. Again, the phenomenon is consistent with what has been documented in the literature; according to Alonso and Pinyol [270], a drawdown may be a crucial component in slope stability, not just for slopes that are entirely submerged at first but also for those that are partially submerged. 
However, something interesting from Figure 4.10 is that, unlike the 10 m and 8 m water levels, the 6m water level never observed the factor of safety dropping below 1.0 for both instantaneous and 5 days drawdowns. But the trend of decrease and recovery of the factor of safety was more similar to the ones of 10 and 8 m. The general phenomenon suggests that the significant risk of a drawdown scenario is within the drawdown timeframe, and the recovery in terms of the factor of safety starts immediately as the drawdown process ends. Another important note from Figure 4.10 is that the factor of safety value drops faster with a high drawdown rate, and the trend of the factor of safety recovery is faster with instantaneous drawdown than the 5 days drawdown. This is yet another indicator that the rate at which the reservoir is drawn down significantly impacts the degree of pore-water pressure dissipation.
In general, all of the phenomena can be linked to the impacts of water level reductions, which lower the stabilizing exterior hydrostatic pressure due to the unloading effect of removing water, as well as the interior pore water pressure being altered [271].

	[image: ]
(a)

	[image: ]
(b)

	[image: ]
(c)

	[image: ]
(b)
	[image: ]
(c)


[bookmark: _Ref98105260][bookmark: _Toc97428252][bookmark: _Toc98085927][bookmark: _Toc103544125][bookmark: _Toc104985448]Figure 4.10 – Slope stability results for 6 m water level: a) long-term steady-state with slip surface; b) instantaneous drawdown slip surface; c) 5 days drawdown slip surface; d) instantaneous drawdown graph; e) 5 days drawdown graph
From Table 4.3, it can be shown that changes in the long-term operational water level had a considerable impact on the factor safety minimum and maximum values. The 6 m water level with a 5 days drawdown rate has the highest maximum factor of safety value. Under both instantaneous and 5 days drawdown rates, the lowest maximum value of the factor of safety is seen at the 8m water level.
Also, from Table 4.3, it is observed that the lowest minimum factor of safety value was achieved from the combination of 10m water level and instantaneous drawdown scenario. At the same time, the highest minimum factor of safety value was observed from the combination of 6m water level and 5 days drawdown rate. When the reservoir's water level was reduced from 10 to 8 m, both the minimum and maximum factor of safety values decreased, then increased when the water level was reduced further to 6 m. 
While for the instantaneous drawdown scenario, the minimum values of the factor of safety were observed to be increasing with the decrease in water levels, but the maximum values were observed to be linearly decreasing with the decrease in water levels. The phenomenon suggests that the relationship between water level and the factor safety may be highly unpredictable at some point and thorough investigation is of great importance when designing earth-fill dams.

[bookmark: _Ref98105323][bookmark: _Toc97077201][bookmark: _Toc103544251][bookmark: _Toc104985577]Table 4.3 – Different drawdown modes with their values of factor of safety.
	Water level
	Drawdown mode
	The factor of safety (minimum)
	Steady-state factor of safety

	6m
	Instantaneous
	1.061
	1.352

	
	5 days drawdown
	1.097
	

	8m
	Instantaneous
	0.932
	1.441

	
	5 days drawdown
	1.033
	

	10m
	Instantaneous
	0.806
	1.562

	
	5 days drawdown
	0.977
	

	
	10 days drawdown
	1.009
	



[bookmark: _Toc103543962][bookmark: _Toc104985287][bookmark: _Toc97504828]Summary of the sub-section 
[bookmark: _Hlk98029464]With the use of numerical modeling, the possible impact of changes in long-term water level on the slope stability of an embankment under rapid drawdown conditions has been explored. Three different long-term water levels (10 m, 8 m, and 6 m) were taken into consideration. According to the findings of the investigation, as the long-term operational water level changes, the factor of safety values changes as well. The values of the steady-state factor of safety were observed to be decreasing with the reduction in water level, in which the steady-state factor of safety reduced by approximately 13.44 % when the water level was reduced from 10 m to 6 m for a 13 m high embankment. In comparison, the upstream slope was observed to gain more stability with the decrease in the long-term water level subjected to the rapid drawdown scenarios.  The results in this study revealed further that an embankment freeboard might have a significant impact on the steady-state factor of safety. The values of the factor of safety were also affected by the changes in the long-term operating water levels, with the highest minimum factor of safety value observed from the 6 m water level under 5 days drawdown rate and the lowest factor of safety value was achieved from the combination of 10 m water level and instantaneous drawdown scenario. It should also be noted that an instantaneous drawdown scenario is a conservative approach for assessing embankment slope stability when a reservoir is being drawdown, and it was a representation of the worst drawdown scenario.
[bookmark: _Toc97504829][bookmark: _Toc103543963][bookmark: _Toc104985288]The potential effect of a toe-drain size on slope stability of a homogeneous embankment
[bookmark: _Toc97504830][bookmark: _Toc103543964][bookmark: _Toc104985289]Materials and methods
[bookmark: _Toc103543965][bookmark: _Toc104985290]Description of the numerical simulation in general
The impact of the toe drain size and rapid drawdown rates on the embankment's slope stability was investigated using finite element technique calculations. Three separate scenarios were considered, each determined by the size of the toe drain. The GeoStudio software was used to complete the numerical modeling process (GeoStudio 2018 R2 v9.1.1.16749). The GeoStudio's SEEP/W and SLOPE/W sub-units were primarily employed for seepage and slope stability analyses, respectively. 
[bookmark: _Toc103543966][bookmark: _Toc104985291]The geometry of the embankment 
While modifying the toe drain size, the geometry of the embankment was kept constant in all three main research. The embankment is roughly 59 meters wide at the base and 7 meters wide at the top, with a height of 13 meters, as illustrated in Figure 4.11. The length of the toe drain at the downstream end of the embankment ranged from 5 to 15 meters. The reservoir's maximum water level is 10 meters. The embankment geometry parameters are summarized in Table 4.4.
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[bookmark: _Ref98105395][bookmark: _Toc97428253][bookmark: _Toc98085928][bookmark: _Ref98105375][bookmark: _Toc103544126][bookmark: _Toc104985449]Figure 4.11 – General embankment geometry
[bookmark: _Ref98105429][bookmark: _Toc97077202][bookmark: _Toc103544252][bookmark: _Toc104985578]Table 4.4 – Summary of the embankment geometry parameters
	Parameter
	Unit
	Value

	Bottom width
	m
	59

	Top width
	m
	7

	Embankment height
	m
	13

	Maximum water level
	m
	10

	Slope, H:V
	-
	2:1

	Toe drain
	m
	5, 10, 15



[bookmark: _Toc103543967][bookmark: _Toc104985292]Analyses of seepage and slope stability
To analyze changing pore-water pressure conditions, the SEEP/W water transfer-based analyses were used in general. The worst-case scenario was chosen as the instantaneous drawdown, and the rate was increased to 5 days (Figure 4.2). The transient seepage analysis was used to derive seepage-induced pore pressures and free groundwater surface for varied drawdown rates in order to model the slope's drawdown behavior in this study.
The slope stability analyses, on the other hand, were carried out using the GeoStudio's SLOPE/W sub-unit, which was based on the Spencer approach.
[bookmark: _Toc103543968][bookmark: _Toc104985293]Characteristics of the soil
To avoid any fluctuation and capture the influence of variations in the toe drain diameters, the soil material parameters for the embankment were kept constant for all of the examples analyzed. The seepage and slope stability analyses employed soil material parameters identical to those listed in Table 4.2. 
[bookmark: _Toc97504835][bookmark: _Toc103543969][bookmark: _Toc104985294]Results and Discussion
Using a combination of the finite element approach and numerical modeling, the seepage and slope stability analyses were completed successfully. The size of the toe drain increased the water pressure at the downstream toe of the embankment, according to the seepage analysis. Figure 4.12 shows that the 15 m drain size has larger pore pressures than the 10 m and 5 m drain sizes. Drains have been noted to be key aspects of the stability of embankments in general in the literature.

[bookmark: _Ref98105517][bookmark: _Toc97428255][bookmark: _Toc98085930][bookmark: _Toc103544127][bookmark: _Toc104985450]Figure 4.12 – Pressure of pore-water at the upstream face
In contrast to the downstream toe, pore water pressures on the embankment's upstream face decreased as the toe-drain size increased. The pore-water pressures from the 15 m drain size were marginally greater than those from the 10 m and 5 m drain sizes, as shown in Figure 4.13. The occurrence shows that as the size of the toe drain grows, seepage is more easily conveyed through the embankment, allowing pore-water pressures in the embankment to dissipate following the drawdown.

[bookmark: _Ref98105531][bookmark: _Toc97428256][bookmark: _Toc98085931][bookmark: _Toc103544128][bookmark: _Toc104985451]Figure 4.13 – The downstream toe's pore-water pressure
Similarly, the slope stability study revealed that changing the size of the toe drain had an impact on the factor of safety. In comparison to the 10 m and 5 m toe drain sizes, the 15 m length toe drain size had a slightly higher factor of safety, as shown in Figure 4.14. The minimum size for a 5 m drain was 0.959, the minimum factor of safety for a 10 m drain was 0.968, and the minimum factor of safety for a 15 m drain was 0.976.
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[bookmark: _Ref98105553][bookmark: _Toc97428257][bookmark: _Toc98085932][bookmark: _Toc103544129][bookmark: _Toc104985452]Figure 4.14 – The factor of safety with slip surfaces from 5 days drawdown rate: a) 5 m drain size; b) 10 m drain size; c) 15 m drain size
Figure 4.15 shows that the lowest factor of safety values were attained near the end of the drawdown. During the drawdown phase, the factor of safety values declined significantly, then gradually increased after the drawdown.

[bookmark: _Ref98105566][bookmark: _Toc97428258][bookmark: _Toc98085933][bookmark: _Toc103544130][bookmark: _Toc104985453]Figure 4.15 – The trend of the factor of safety values with time
Table 4.5 presents a summary of the factor of safety's minimum values based on the instantaneous and 5-day drawdown rates. It can be seen from both drawdown examples that the factor of safety values increased as the toe drain size increased.
[bookmark: _Ref98105586][bookmark: _Toc97077204][bookmark: _Toc103544253][bookmark: _Toc104985579]Table 4.5 – A maximum and a minimum factor of safety values from the instantaneous and 5 days drawdown rates
	Drawdown rate
	Toe drain size
	Steady-state factor of safety
	The factor of safety value (minimum)

	Instantaneous
	5m
	1.548
	0.799

	
	10m
	1.561
	0.805

	
	15m
	1.571
	0.811

	5 days
	5m
	1.548
	0.959

	
	10m
	1.561
	0.968

	
	15m
	1.571
	0.976



[bookmark: _Toc103543970][bookmark: _Toc104985295]Section summary
[bookmark: _Hlk98029537]The impact of the size of a toe drain on the slope stability of an embankment dam during rapid drawdown conditions has been studied. According to the findings, pore-water pressures at the upstream face of the embankment decreased as the toe drain size increased, whereas pore-water pressures at the downstream toe increased. Changes in the toe drain size were also discovered to alter the factor of safety values. This research work demonstrated that when an embankment is subjected to a rapid drawdown situation, there is a substantial potential association between toe drain size and factor of safety.

[bookmark: _Toc97504837][bookmark: _Toc103543971][bookmark: _Toc104985296]The effect of internal angle of friction on slope stability of homogeneous embankment under rapid drawdown
[bookmark: _Toc97504838][bookmark: _Toc103543972][bookmark: _Toc104985297]Materials and methods
[bookmark: _Toc103543973][bookmark: _Toc104985298]Description of the numerical simulation in general 
Using the finite element approach, the effect of the internal angle of friction and rapid drawdown rates on the slope stability of a homogeneous embankment was examined. Different cases as determined by the internal angle of friction (200 to 350 at an interval of 50), were taken into consideration. The numerical modeling process was done using the GeoStudio software suite (GeoStudio 2018 R2 v9.1.1.16749). The GeoStudio's SEEP/W and SLOPE/W sub-units were primarily employed for seepage and slope stability analyses, respectively.
[bookmark: _Toc103543974][bookmark: _Toc104985299]The geometry of the embankment
To avoid variations that could be led by other factors, the geometry of the dam embankment was maintained in all the investigated cases while changing the internal angle of friction. The width of the embankment is approximately 59 m at the base as well as 7 m at the top, while the height of the embankment is 13 m, as shown in Figure 4.16. The reservoir's highest water level is 10 meters. The embankment geometry parameters are summarized in Table 4.6. 
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[bookmark: _Ref98105612][bookmark: _Toc97428259][bookmark: _Toc98085934][bookmark: _Toc103544131][bookmark: _Toc104985454]Figure 4.16 – General embankment geometry
[bookmark: _Ref98105639][bookmark: _Toc97077205][bookmark: _Toc103544254][bookmark: _Toc104985580]Table 4.6 – Summary of the embankment geometry parameters
	Parameter
	Unit
	Value

	Bottom width
	m
	59

	Top width
	m
	7

	Embankment height
	m
	13

	Maximum water level
	m
	10

	Slope, H:V
	-
	2:1



[bookmark: _Toc103543975][bookmark: _Toc104985300]Analyses of seepage and slope stability
To analyze changing pore-water pressure conditions, the SEEP/W water transfer-based analyses were used in general. The transient seepage analysis was used to generate seepage-induced pore pressures and free groundwater-surface for varied drawdown rates in this study to model the slope's drawdown behavior.
The slope stability analyses, on the other hand, were carried out using the GeoStudio's SLOPE/W sub-unit, which was based on the Spencer approach. The Spencer approach, in general, allows for unconstrained slip plains [272]. 
Equation (4.2) is typically used to derive the resultant of a pair of interslice forces (Q) using the Spencer approach.
	
	
	[bookmark: _Ref103556197](4.2)


Whereby: 
b, h – width and mean height of slice; α – a slope of base of the slice; F – safety factor; θ – a slope of resultant of pair of interslice forces; ru – pore-pressure coefficient; γ – bulk density; H – the height of embankment; φ' – the angle of shearing resistance with respect to effective stress, c' – cohesion with respect to effective stress.
Moreover, to capture the saturated/unsaturated scenarios in the modeling process, the volumetric water content and hydraulic conductivity functions were important inputs in defining the soil characteristics (Figure 4.3). The definition of the two functions was achieved with the help of the built-in functions that required only fundamental information such as saturated hydraulic conductivity, water content, and coefficient of volume compressibility.
The worst-case scenario was chosen as the instantaneous drawdown, and the rate was increased to 5 days (Figure 4.2).
[bookmark: _Toc103543976][bookmark: _Toc104985301]Characteristics of the soil 
To avoid any fluctuation and capture the influence of variations in the internal angle of friction, the soil material parameters for the embankment were kept constant for all of the examples analyzed. The soil material properties used in slope stability and seepage assessments are summarized in Table 4.7. 
[bookmark: _Ref98105705][bookmark: _Toc97077206][bookmark: _Toc103544255][bookmark: _Toc104985581]Table 4.7 – Characteristics of the soil properties used in the study
	Parameter
	Character
	Unit
	Value

	Saturated water content
	
	
	43

	Coefficient of volume compressibility
	
	
	

	Saturated conductivity
	
	
	

	Residual water content
	
	
	5.5

	Soil unit weight
	
	
	20

	Cohesion
	
	
	5

	Internal friction angle
	
	
	20, 25, 30, 35



[bookmark: _Toc97504843][bookmark: _Toc103543977][bookmark: _Toc104985302]Results and discussion
A horizontal toe drain was provided to lower the phreatic line and dissipate the excess pore water pressure in the embankment. From Figure 4.17, it can be observed that the phreatic lines are all within the embankment body. The position of the phreatic line has a considerable impact on the embankment's stability. This is because the position of a phreatic line is linked to potential piping due to excessive exit gradient and sloughing, both of which are caused by softening and weakening of the soil mass, particularly if the phreatic line contacts the downstream face. 
Normally, some measures are taken when there is a problem with the permeability of the downstream zone, including the provision of a horizontal drainage blanket with the purpose of keeping the phreatic line well within the embankment body [273]. Furthermore, from Figure 4.17, it can be observed that the phreatic lines are highly scattered at the upstream zone while well combined towards the toe drain. 
Nevertheless, once the capillary fringe touches the downstream face of the embankment, the pressure within tends to change from negative (suction) to the so-called atmospheric pressure. Therefore, in such a phenomenon, the downstream slope is associated with the potential to become a seepage face leading to slope failure [264]. In that matter, the phreatic line should always be kept within without intersecting the downstream face as well as being located at a distance greater than capillary rise. The entire phenomenon keeps the phreatic line below the sloping face to nullify the chances of the sloughing or piping.
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[bookmark: _Ref98105730][bookmark: _Toc97428262][bookmark: _Toc98085937][bookmark: _Toc103544132][bookmark: _Toc104985455]Figure 4.17 – Piezometric lines following the rapid drawdown
The slope stability analysis was successfully executed. Figure 4.18 shows the critical slip surfaces for the 200 angle of friction (Figure 4.18(a)) and 350 angle of friction (Figure 4.18(b)). From Figure 4.18, it can be observed that when the embankment was subjected to an internal angle of friction of 200, it was associated with a potential total failure of the embankment. It has to be noted that, in any bank of homogeneous earth, normally, the failure slip surface nearly follows the arc of a circle that crosses the bank's toe. Therefore, the stability of the structure depends upon fixing the position of the center of rotation of the slip surface. Specifically, fixing the surface along which the greatest shearing resistance is a significant requirement for equilibrium, of which for an embankment dam, the upstream zone in contact with the reservoir has to be properly designed to avoid potential failure.
However, higher stability can be observed when the embankment was subjected to 350 as an internal angle of friction, with a higher minimum factor of safety value compared to when the embankment was subjected to 200 as an angle of friction. In general, the embankment critical slip surface possessing the minimum factor of safety is the one that is always assumed to be the most likely slip or failure surface. The combination of slip surface and a minimum factor of safety is normally used as the failure slip surface during the analysis and design phases of slope stabilization activities [274].
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[bookmark: _Ref98105755][bookmark: _Toc97428263][bookmark: _Toc98085938][bookmark: _Toc103544133][bookmark: _Toc104985456]Figure 4.18 – Slip surfaces from 5 days drawdown rate; a) 200 internal angle of friction; b) 250 internal angle of friction; c) 300 internal angle of friction; d) 350 internal angle of friction
Figure 4.19 displays the slope stability analysis results after the embankment was subjected to a 5-day drawdown rate and various angles of internal friction. From Figure 4.19, it can be observed that the factor of safety values for all the investigated cases, as determined by the internal angles of friction, dropped rapidly within the 5 days of draining the reservoir. However, the minimum values of the factor of safety increased with the increase in the internal angle of friction. The lowest factor of safety can be observed from 20 degrees and the highest from 35 degrees. As previously noted, the stability of an embankment is highly determined by the available balance between shear stress and shear strength. Therefore, if the forces available to resist movement are sufficient enough and greater than the forces driving movement, the slope of the embankment can be considered stable. In that matter, the computation of the factor of safety is achieved by dividing the forces resisting movement by the forces driving movement.
Also, the capacity of the embankment to regain the factor of safety after the drawdown and reach the minimum factor of safety was highly affected by the internal angle of friction supplied. From 200 (Figure 4.19(a)), it can be observed that the embankment completely failed to regain stability of the minimum factor of safety, with the capacity increasing with the increase in the internal angle of friction. 
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[bookmark: _Ref98105816][bookmark: _Toc97428264][bookmark: _Toc98085939][bookmark: _Toc103544134][bookmark: _Toc104985457]Figure 4.19 – Factor of safety values with time from 5 days drawdown rate and different internal angles of friction; (a) 200; (b) 250 (c) 300 (d) 350. 
HRAF = hypothetical region after failure.
From Figure 4.20, it can be observed that the minimum factor of safety values from the instantaneous drawdown were obtained within the first day of draining the reservoir. From the five-day drawdown rate, the minimum factor of safety values were obtained somewhere around the fifth day of draining the reservoir.
	
 (a)

	
(b)


[bookmark: _Ref98105874][bookmark: _Toc97428265][bookmark: _Toc98085940][bookmark: _Toc103544135][bookmark: _Toc104985458]Figure 4.20 – The factor of safety values with time: a) instantaneous drawdown;(b) 5 days drawdown
Figure 4.21 summarizes the minimum values of factor of safety from both instantaneous and five-day drawdown rates. It can be observed that when the angle of internal friction was 200, the minimum value of factor of safety for instantaneous drawdown was almost similar to the five days drawdown rate. From the phenomenon, we can understand that when the angle of internal friction is small, the influence of a drawdown rate on the slope stability becomes relatively low. Moreover, it can be observed that the minimum factor of safety values were increasing with the increase in the internal angle of friction.

[bookmark: _Ref98105901][bookmark: _Toc97428266][bookmark: _Toc98085941][bookmark: _Toc103544136][bookmark: _Toc104985459]Figure 4.21 – Minimum values of factor of safety from instantaneous and 5 days drawdown rate
[bookmark: _Toc103543978][bookmark: _Toc104985303]Summary of the sub-section
[bookmark: _Hlk98029574]The potential effect of an internal angle of friction on the slope stability of a homogeneous embankment dam under rapid drawdown loading conditions has been investigated. From the results, it was observed that when the embankment was subjected to 350 as an internal angle of friction in conjunction with the five days drawdown rate, a relatively high minimum factor of safety value of 1.25 was achieved (higher than that when the embankment was subjected to 200 as an internal angle of friction). In general, the phenomenon suggests that the embankment is relatively stable with a higher internal angle of friction than lower values when the embankment is subjected to the rapid drawdown scenarios. The findings of this research also showed that throughout the design and operation phases of embankment dams, it is critical to analyze shear strength parameters in conjunction with rapid drawdown situations.
[bookmark: _Toc103543979][bookmark: _Toc104985304]Summary of chapter four
In this chapter, several slope stability aspects related to homogeneous embankments have been investigated, including the effects of long-term water level on slope stability when subjected to a rapid drawdown scenario and the effect of internal angle of friction on slope stability of an embankment.
With the use of numerical modeling, the potential impact of changes in long-term water level on the slope stability of an embankment under rapid drawdown conditions was explored. Three possible long-term water levels (ten, eight, and six meters) were considered. The findings of the investigation show that as the long-term operational water level changes, the factor of safety values changes as well. When the water level was dropped from 10 m to 6 m for a 13 m high embankment, the steady-state factor of safety was shown to be decreasing with the reduction in water level, with the steady-state factor of safety reducing by roughly 13.44%. While the upstream slope became more stable as the long-term water level dropped under rapid drawdown scenarios, the downstream slope became more unstable. The results suggest that embankment freeboard can have a big impact on the steady-state factor of safety. Changes in long-term operating water levels also influenced the minimum values of the factor of safety, with the highest minimum factor of safety value obtained from a 6m water level under a 5-day drawdown rate and the lowest minimum factor of safety value obtained from a combination of 10 m water level and instantaneous drawdown scenario. An immediate drawdown scenario is a cautious strategy for analyzing embankment slope stability when a reservoir is being drawn down, and it represents the worst drawdown scenario.
The impact of the size of a toe drain on the slope stability of an embankment dam during rapid drawdown conditions has been studied. According to the findings, pore-water pressures at the upstream face of the embankment decreased as the toe drain size increased, whereas pore-water pressures at the downstream toe increased. Changes in the toe drain size were also discovered to alter the factor of safety values. Whereby the findings demonstrated that when an embankment is subjected to a rapid drawdown situation, there is a substantial potential association between toe drain size and factor of safety.
Under fast drawdown loading conditions, the influence of an internal angle of friction on the slope stability of a homogeneous embankment dam was also examined. In comparison to when the embankment was subjected to 200 as an internal angle of friction and the 5-day drawdown rate, the results showed that when the embankment was subjected to 350 as an internal angle of friction and the 5-day drawdown rate, a relatively high minimum factor of safety value of 1.25 was achieved. When the embankment is subjected to fast drawdown situations, the phenomena show that the embankment is relatively stable with a larger internal angle of friction than lower values. 
[bookmark: _Toc103543980][bookmark: _Toc104985305]Slope stability analysis based on case studies
[bookmark: _Toc97504846][bookmark: _Toc103543981][bookmark: _Toc104985306]Samarkand dam in Kazakhstan
[bookmark: _Toc97504847][bookmark: _Toc103543982][bookmark: _Toc104985307]Materials and methods
[bookmark: _Toc97504848][bookmark: _Toc103543983][bookmark: _Toc104985308]Case study description
Samarkand dam is located in the Nura-Sarysu catchment in Karaganda region, Kazakhstan with the region font code of Eastern Europe. In DMS (Degrees Minutes Seconds), its coordinates are 50°5'54" N and 73°0'55" E, or 50.0983 and 73.0153. (in decimal degrees). CR55 is its UTM position, and NM43-04 is its Joint Operation Graphics reference.
The climate in Karaganda is humid continental, with pleasant summers and bitterly cold winters. Throughout the year, precipitation is generally low, with a modest increase from May to July. During the winter period, the region is characterized by snow, but it is only light. The lowest temperature ever recorded was 42.9 °C in 1938, and the highest temperature ever recorded was 40.2 °C (104.4 °F) in 2002.
The geology of Kazakhstan includes extensive basement rocks from the Precambrian and widespread Paleozoic rocks, as well as sediments formed in rift basins during the Mesozoic. Small synclines in the Karaganda Foredeep Basin show Deepwater limestone and shale 450 meters thick from the Carboniferous and Permian, as well as 4.5-kilometer-thick coal-bearing molasse. Within the Tengiz Basin, deposits are never more than two kilometers thick and grow thicker to the south. The Chu Basin is filled with undeformed Middle Devonian through Permian red molasse and carbonate deposits. Calc-alkaline magmatism was extensive in the southeast Kazakh Uplands and the Tien Shan Mountains.
[bookmark: _Toc97504850][bookmark: _Toc103543984][bookmark: _Toc104985309]The historical perspective of the Samarkand dam
The construction of the Samarkand hydroelectric complex was done in 5 years, from 1934. When the construction started, people became the main labor force; it was with their hands that the dam was constructed because the first excavator appeared on the construction site only in 1936. Mainly, during the time, the main labor force was the prisoners of KarLAG, two departments of which were specially transferred closer to construction to the village of Samarkand. It should be emphasized, however, that the Samarkand dam is not the only artificial dam on Nura; it is, however, the largest of these artificial reservoirs.
From 1934, the construction process was completed in 1939, which turned out to be arid, and therefore, the dam was able to be under full operation in 1941, which for this reason is mistakenly considered the year of completion of its construction. The dam erected on Nura was 20 meters high and 300 meters wide. The process of filing an area of 8000 hectares with water lasted a lot - 22 years, until 1961, when the reservoir mirror was formed.
After the construction of the Samarkand dam, it became the most significant artificial reservoir in Central Kazakhstan. According to the Kazakh Academy of Sciences, the total length of the reservoir was 20 kilometers, the width was 6.5 kilometers, and the maximum depth was 17 meters.
Then later, in 1982, a new hydroelectric complex started to be constructed and was delayed for various reasons. In 1988, the facility was put into operation, but its technical re-equipment and bringing into line with modern standards became possible today when the construction was transferred to the balance of the state. The old dam is currently associated with a number of geotechnical issues, making the operation of the hydroelectric complex of more significance. However, the fact that people used to live on the site of the dam has been producing a lot of mysterious rumors, to the extent that people believe that there is an old cemetery at the bottom of the reservoir. However, local historians cannot confirm this information since there is no official data on any burials in this area. 
[bookmark: _Toc97504851][bookmark: _Toc103543985][bookmark: _Toc104985310]General modeling process
The potential influence of the rapid drawdown scenarios on the stability of the embankment dam was investigated with the help of the finite element method. The other parameters in the analyses were kept constant while changing the drawdown rates. The embankment geometry (as shown in Figure 5.1) is composed of four different zones, with zones 1a and 1b being similar. The inquiry was divided into five categories based on the drawdown rates: steady-state, instantaneous drawdown, 5-days drawdown, 10-days drawdown, and one-minute drawdown rate. In all the investigated cases, the stability factors were investigated at the end of the modeling processes. In this study, the instantaneous drawdown was considered the most extreme condition (worst scenario). 
Moreover, the analyses were accomplished using the  SEEP/W [275], which is mainly for seepage analysis, and SLOPE/W [276], which is mainly for stability analysis. The modeling processes in the two sub-units of the GeoStudio used slip surfaces, pore-water pressure conditions, soil properties, and loading conditions as inputs. 
[image: ]
[bookmark: _Ref98105918][bookmark: _Toc97428267][bookmark: _Toc98085942][bookmark: _Toc103544137][bookmark: _Toc104985460]Figure 5.1 – Embankment geometry
[bookmark: _Toc97504852][bookmark: _Toc103543986][bookmark: _Toc104985311][bookmark: _Hlk89633117]Seepage analysis through the embankment
Before the simulation of the transient conditions based on the drawdown rates, the model was subjected to a long-term steady-state simulation using the Steady-state analysis method. The seepage-induced pore-pressures generated from the long-term steady-state were used in the transient flow modeling. The boundary condition approach was used to specify the extent of the water level variations during the rapid drawdown process (as shown in Figure 5.2); Moreover, in the study, the transient seepage analyses were used as parents to the slope stability analyses. 
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[bookmark: _Ref98105954][bookmark: _Toc97428268][bookmark: _Toc98085943][bookmark: _Toc103544138][bookmark: _Toc104985461]Figure 5.2 – Some of the defined functions (a) the boundary condition for 10 days drawdown rate (b) volumetric water content function from zone 1
[bookmark: _Toc97504853][bookmark: _Toc103543987][bookmark: _Toc104985312][bookmark: _Hlk89633590]Slope stability analysis
On the other hand, the help of the SLOPE/W of the GeoStudio accomplished the investigation of the embankment slope stability. The Morgenstern–Price [277] analysis method under the general limit equilibrium (GLE) [278] was used in the slope stability modeling. 
To be more specific, the Morgenstern–Price is a general method of slices that works based on limit equilibrium with the sustaining equilibrium of forces and moments acting on individual blocks. To create the blocks, the soil above the slip surface has to be divided by dividing planes [279]. It is also important to be noted that the interslice shear forces used in the general limit equilibrium methodology are dealt with in an equation developed by Morgenstern and Price [156] (Equation (5.1))
	
	
	[bookmark: _Ref103557633](5.1)


Whereby: 
f(x) – represents a function;  – represents the percentage (in decimal form) of the function used; E – represents the interslice normal force, and X – represents the interslice shear force.
[bookmark: _Toc97504854][bookmark: _Toc103543988][bookmark: _Toc104985313]Material characteristics
The dam embankment is divided into different zones based on the material properties; zone 1 (a and b) is more of coarse materials mixed with fine materials (mainly silt and clay) and liquid limit (wL) ranging from 25% up to 45%. Zone 2 (core) is composed of cohesive material and fine-grained material (clay). While Zone 3 is more of non-cohesive soil and filter material (sand and gravel). Table 5.1 provides a summary of the material characteristics. 
[bookmark: _Ref98106016][bookmark: _Toc97077207][bookmark: _Toc103544256][bookmark: _Toc104985582]Table 5.1 – Material properties of the embankment
	Parameter
	Zone

	
	Zone 1a,b
	Zone 2
	Zone 3

	Saturated hydraulic conductivity (ksat), m/s
	4.69 ∙ 10-5
	10-8
	10-4

	Diameter at passing 10% (mm)
	0.1
	0.002
	0.2

	Diameter at passing 60% (mm)
	40
	0.05
	0.8

	Liquid limit (%)
	25 to 45
	50
	

	Unit weight (kN/m3)
	20.5
	20
	18.5

	Saturated water content (%)
	29.6
	36.8
	40.1

	Internal angle of friction (degree)
	40
	28
	38

	Cohesion (kPa)
	-
	15
	-



[bookmark: _Toc97504855][bookmark: _Toc103543989][bookmark: _Toc104985314]Results and discussion
[bookmark: _Toc97504856][bookmark: _Toc103543990][bookmark: _Toc104985315]Seepage analysis
The numerical modeling was successfully executed; from Figure 5.3, it can be observed that the seepage within the embankment was safely carried away through zone 1a and zone 2. The general setup shows that the embankment was properly designed to not allow seepage along the downstream face of the embankment. The phenomenon was similar to all the investigated drawdown cases.
Generally, based on the phreatic lines, the seepage within the embankment can be observed to be evenly distributed (more of linear flow), while due to change in soil properties in zone 2 a more parabolic flow can be observed. In the instantaneous drawdown case, it can be observed that most of the phreatic lines are concentrated somewhere close to the foundation of the embankment. The distribution of phreatic lines becomes more evenly when the drawdown rate is reduced from fast to slow.
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[bookmark: _Ref98106074][bookmark: _Toc97428269][bookmark: _Toc98085944][bookmark: _Toc103544139][bookmark: _Toc104985462]Figure 5.3 – Seepage analysis (a) long-term steady-state (b) Instantaneous drawdown (c) 5 days drawdown (d) 10 days drawdown (e) 1m per day drawdown
Normally, embankment dams are characterized by seepage as the impounded water seeks paths of least resistance through the dam and its foundation. However, seepage must be controlled to prevent erosion of the embankment [280]. If the seepage forces are relatively large enough within the embankment, there is a high chance that soil will be eroded, affecting the stability of the embankment with time. It should also be noted that the seepage control requirement is highly dependent on the quantity, content, and location of the seepage problem. Moreover, reducing the extent of the seepage problem when the embankment is already constructed is difficult and expensive; and it is in most cases not attempted unless the seepage has been threatening the stability of the embankment.
During the process of solving the seepage problems in embankment dams, regular monitoring is significantly essential to detect seepage and prevent a potential dam failure. The monitoring activities should include having a clear knowledge of the dam's history; this helps to determine the condition of the seepage [281].
[bookmark: _Toc97504857][bookmark: _Toc103543991][bookmark: _Toc104985316]Slope stability
Firstly, the embankment was subjected to the long-term steady-state slope stability analysis, whereby a factor of safety of 2.344 was achieved (Figure 5.4). A steady-state flow condition is one in which the pressure at any location in the reservoir remains constant across time. It is also worth noting that the long-term reservoir steady-state plays a significant role in the embankment stability.
[image: ]
[bookmark: _Ref98106093][bookmark: _Toc97428270][bookmark: _Toc98085945][bookmark: _Toc103544140][bookmark: _Toc104985463]Figure 5.4 – Steady-state slope stability
Figure 5.5 presents the results when the embankment was subjected to the 1 m per day drawdown rate. The embankment began to lose stability during the first four days and began to restore stability on day five, as shown in the Figure. A minimal factor of safety of 2.149 was also obtained when the embankment was subjected to the 1 m per day drawdown rate; the minimum factor of safety value was attained on the fourth day of the drawdown. The retrieved factor of safety from the 1 m per day drawdown rate is equivalent to 8.32% less than the one retrieved from the long-term steady-state condition.
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[bookmark: _Ref98106106][bookmark: _Toc97428271][bookmark: _Toc98085946][bookmark: _Toc103544141][bookmark: _Toc104985464]Figure 5.5 – Drawdown: 1 m per day drawdown rate; a) embankment with slip surface; b) graph of factor of safety values
Figure 5.6 presents the results when the embankment was subjected to the 10 days drawdown rate, and it can be observed that the embankment was losing stability within the nine first days of the drawdown. Whereby a minimum factor of safety of 1.804 was achieved from the 9th day of the drawdown. Moreover, it can be observed that the embankment started regaining stability from the 10th day.
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[bookmark: _Ref98106122][bookmark: _Toc97428272][bookmark: _Toc98085947][bookmark: _Toc103544142][bookmark: _Toc104985465]Figure 5.6 – Drawdown:10 days drawdown rate; a) embankment with slip surface; b) graph of factor of safety values
Figure 5.7 presents the results from the 5 days drawdown rate, and it can be observed that the embankment was losing stability within the five days of the drawdown process, whereby it started regaining stability from the 5th to 6th day. Also, it can be observed that the minimum factor of safety of 1.706 was obtained within the 5th day of the reservoir draining. 
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[bookmark: _Ref98106173][bookmark: _Toc97428273][bookmark: _Toc98085948][bookmark: _Toc103544143][bookmark: _Toc104985466]Figure 5.7 – Drawdown: 5 days drawdown; a) embankment with slip surface; b) graph of factor of safety values
Figure 5.8 presents the results when the embankment was subjected to the worst scenario of rapid drawdown (instantaneous), and it can be observed that the embankment lost stability from approximately 2.5 factors of safety to 1.574 within the same day of drawdown. Moreover, it can be observed that the embankment started regaining stability within the same day; however, it was not able to reach the 2.5 initial factor of safety, which is an indication of a potential failure. The obtained factor of safety from the instantaneous drawdown rate is equivalent to 32.85% less than the factor of safety retrieved from the long-term steady-state conditions.
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[bookmark: _Ref98106318][bookmark: _Toc97428274][bookmark: _Toc98085949][bookmark: _Toc103544144][bookmark: _Toc104985467]Figure 5.8 – Instantaneous drawdown; a) embankment with slip surface; b) graph of factor of safety values
 Figure 5.9 provides a clearer overview of the potential influence of the rapid drawdown loading conditions on the slope stability of the embankment. It can be seen that as the drawdown rate has increased, the minimum factor of safety has decreased.

[bookmark: _Ref98106413][bookmark: _Toc97428275][bookmark: _Toc98085950][bookmark: _Toc103544145][bookmark: _Toc104985468]Figure 5.9 – Summary of the minimum factor of safety values
According to the literature, a minimum factor of safety of 1.3 for temporary or low-risk slopes and 1.5 for permanent slopes is appropriate for a static two-dimensional (2D) slope [282]. However, in most cases, when a factor of safety is below 1, then it is considered a total embankment failure.
[bookmark: _Toc103543992][bookmark: _Toc104985317]Summary of the sub-section
[bookmark: _Hlk98028696]The potential effect of rapid drawdown scenarios on the stability of old dams for the case of Samarkand in Kazakhstan has been investigated. The dam has a maximum depth of 12 m and a length of 25 km; located in Karaganda province in Kazakhstan that was put into operation in 1941. Both seepage and slope stability with the help of numerical modeling were investigated based on steady and transient (rapid drawdown) flow conditions. The finite element method-based modeling is achieved using SEEP/W and SLOPE/W of the GeoStudio software. The embankment was first subjected to a long-term steady-state slope stability analysis, which resulted in a factor of safety of 2.344. In a steady-state flow scenario, the pressure at any location in the reservoir remains constant across time. It's also worth noting that the reservoir's long-term stable state has a significant impact on the stability of the embankment. When the embankment was subjected to a 1 m per day draw-down rate, a minimum factor of safety of 2.149 was obtained; the minimum factor of safety value was reached on the fourth day of the drawdown. The factor of safety recovered from the 1 m per day drawdown rate is 8.32% lower than the one retrieved from the long-term steady state. Moreover, the factor of safety determined from the instantaneous drawdown rate is 32.85% lower than the factor of safety obtained from long-term steady-state conditions.
[bookmark: _Toc97504859][bookmark: _Toc103543993][bookmark: _Toc104985318]Ndembera dam in Tanzania
[bookmark: _Toc97504860][bookmark: _Toc103543994][bookmark: _Toc104985319]Materials and methods
[bookmark: _Toc97504861][bookmark: _Toc79511139][bookmark: _Toc103543995][bookmark: _Toc104985320]Geological, hydrogeological, and geotechnical conditions
In the Lugoda dam Project, most of the structure is located on rock formations as the direct foundation and fault, and the fracture zone is partially located in the local area. In the case of this situation, problems with the bearing capacity and settlement of structures are expected. Hence, the analyses on the bearing capacity and settlement were carried out to secure the foundation stability of structures. The reservoir region in the Ndembera catchment is a geologically incoherent superficial material area (yellow hue) made up of gravel, sand, silt, and clay that is alluvial or lacustrine. While the area around the dam is made up of foliated crystalline rock such as gneiss and schist, amphibolites granularities, and meta-dolerites, the surrounding area is made up of foliated magmatic granites, gneiss, schist, amphibolites granularities, and meta-dolerites (Figure 5.10).
Moreover, the Paleoarchean era yellowish-brown granite gneiss formation is scattered at the dam site, and topsoil is used to cover the bedrock. The topsoil is made up of silty sand and boulder stone. Milky white silt and fine-grained sand are visible along the river. Whereby because of the heavy weathering, the rock outcrops are rarely visible. Also, differential weathering leads to the large bedrock dispersion on the dam's left side. The small-scaled fault runs from the dam's left side to its center.
To investigate the geological condition of the study catchment, several trench pits were excavated; this was an important aspect of having a full view of the rock. 
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[bookmark: _Ref98106501][bookmark: _Toc97428276][bookmark: _Toc98085951][bookmark: _Toc103544146][bookmark: _Toc104985469]Figure 5.10 – Trench pits at the dam site
[bookmark: _Toc79511140][bookmark: _Toc97504862][bookmark: _Toc103543996][bookmark: _Toc104985321] Design assumptions of the dam and materials used
[bookmark: _Toc79511141]The geometrical dimension of the LUGODA dam has the following: 
· Total length: 721 M. 
· Maximum height: 60 M.
· Upstream and downstream embankment slope: 1.5:1 (H: V). 
· Maximum width (based on the fundamental triangle): 190 M. 
· Crest road width: 8M. 
Operating water levels are: 
· Minimum operating level (low water level): EL. 1663.0. 
· Maximum operating level (normal high-water level): EL. 1677.0. 
· Maximum flood level (maximum water level): EL. 1678.6.
[bookmark: _Toc97504863][bookmark: _Toc103543997][bookmark: _Toc104985322]The embankment geometry and soil characteristics  
The embankment geometry (Figure 5.11) is divided into five zones, with zones 3a and 3b having similar material characteristics. Zone 1 of the embankment was assigned diverse material properties, with coarse material combined with fine materials (silt and clay percentage) and saturated hydraulic conductivities (ksat) as well as liquid limit ranging (from 25% to 45%). Cohesive material, fine-grained material, and clay with varying ksat values characterize Zone 2. Zones 3a and 3b are distinguished by non-cohesive soil and filter material (sand and gravel), whereas Zone 4 is distinguished by coarse material with a low fines concentration.
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[bookmark: _Ref98106536][bookmark: _Toc97428277][bookmark: _Toc98085952][bookmark: _Toc103544147][bookmark: _Toc104985470]Figure 5.11 – Embankment geometry
Table 5.2 provides a summary of the material characteristics for each zone of the embankment investigated in this study. The geotechnical parameters were derived both from laboratory tests and previous testing.
[bookmark: _Ref98106598][bookmark: _Toc97077208][bookmark: _Toc103544257][bookmark: _Toc104985583]Table 5.2 – Material properties 
	Parameter
	Zone

	
	Zone 1
	Zone 2
	Zone 3a,b
	Zone 4

	Saturated hydraulic conductivity (ksat), m/s
	5 ∙ 10-5 
	10-8
	10-4
	5x10-5

	
	10-5 
	
	
	

	
	5 ∙ 10-6 
	
	
	

	
	10-6 
	
	
	

	
	5 ∙ 10-7
	
	
	

	
	10-7 
	
	
	

	Diameter at passing 10% (mm)
	0.1
	0.002
	0.2
	0.1

	
	0.05
	
	
	

	
	0.032
	
	
	

	
	0.015
	
	
	

	
	0.01
	
	
	

	
	0.005
	
	
	

	Diameter at passing 60% (mm)
	40
	0.05
	0.8
	40

	
	36
	
	
	

	
	32
	
	
	

	
	28
	
	
	

	
	24
	
	
	

	
	20
	
	
	

	Liquid limit (%)
	25 to 45
	50
	
	

	Unit weight (kN/m3)
	20.5
	20
	18.5
	20.5

	Saturated water content (%)
	29.6
	36.8
	40.1
	29.6

	Internal angle of friction (degree)
	40
	28
	38
	40

	Cohesion (kPa)
	-
	15
	-
	-



[bookmark: _Toc97504864][bookmark: _Toc103543998][bookmark: _Toc104985323]General modeling process 
The possible influence of a dam's quick drawdown on slope stability of an earth-fill embankment with soil parameters specified by hydraulic conductivity was investigated using finite element technique analysis. Five different cases were investigated; steady-state, instantaneous drawdown, 5-days drawdown, 10-days drawdown, and 1m per day drawdown rate to a half of the maximum water level. However, the transient drawdown cases stand to be the main focus of this study.  For the second case, it is assumed that water in the dam or reservoir is drawn instantaneously, and the stability factors were investigated at the end of the modeling process. For cases, three, four, and five, a specific time of 5, 10, and 28.5 days, respectively, were assigned to investigate how the stability factors respond to the different drawdown rates. The instantaneous case represents the extreme situation or worst scenario. The seepage analyses were carried out concurrently with stability analysis.
A combination of SEEP/W [275] and SLOPE/W [276] GeoStudio sub-software was used to investigate the problem. Specifically, the seepage analysis was accomplished using SEEP/W in two-dimensional sections, which is based on FEM, while SLOPE/W was used for the slope stability analysis of the embankment based on slip surfaces pore-water pressure conditions, soil properties, and loading conditions. To capture the effect of the hydraulic conductivity values, other parameters such as the geometry of the embankment were kept constant in all the drawdown cases while changing the hydraulic conductivity values in zone 1. In that matter, each case had a combination of seepage analysis (steady-state and transient) and slope stability analysis. 
[bookmark: _Toc97504865][bookmark: _Toc103543999][bookmark: _Toc104985324]Embankment seepage analysis 
The simulation of the drawdown behavior of a slope started by establishing a long-term steady-state using the Steady-state type of analysis. The established steady-state was then used as a parent to the transient flow analysis, in which the transient flow analyses used seepage-induced pore pressures from the initially performed steady-state analysis. As noted before, the analyses comprised of different drawdown rates and isotropic hydraulic conductivity values. The variation of water level during the drawdown process was modeled using a linear function that was specified as a boundary condition (Figure 5.12) on the upstream face of the embankment during the transient seepage analyses. The transient seepage analyses were used as parents to the slope stability analyses. The established flow parameters such as pore water pressures during the transient flow analyses were later used as significant inputs to the stability analysis with SLOPE/W. 
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[bookmark: _Ref98106674][bookmark: _Toc97428278][bookmark: _Toc98085953][bookmark: _Toc103544148][bookmark: _Toc104985471]Figure 5.12 – Drawdown boundary conditions (a) 10 days drawdown rate (b) 1m per day drawdown rate
[bookmark: _Toc97504866][bookmark: _Toc103544000][bookmark: _Toc104985325]Slope stability analysis 
The GeoStudio software's SLOPE/W sub-unit was used for slope stability analyses. To do so, the Morgenstern–Price [277] analysis approach was used under the general limit equilibrium (GLE) [278]. The approach is based on two factors of safety equations with the following perspectives since the generic limit equilibrium formulation allows for a variety of interslice shear-normal force circumstances.
1. In the first equation, the factor of safety is computed with respect to moment equilibrium (Fm).
1. The second equation computes the factor of safety with respect to horizontal force equilibrium (Ff). 
However, the applicability of the two equations in the computations of a factor of safety was initially published by Spencer [283]. Spencer's method can be termed as a modified and extended version of Bishop's simplified method. Referring to Bishop's simplified method, a factor of safety (F) is calculated as the ratio of total strength available (S) on the slip surface to the total shear strength mobilized (Sm) [162], as summarized in (5.2).
	
	
	[bookmark: _Ref103556056](5.2)


Moreover, in Spencer's analysis, the derived resultant of pair of interslice forces (Q) is computed using Equation (4.2).
[bookmark: _Toc97504867][bookmark: _Toc103544001][bookmark: _Toc104985326]Results and discussion
Both the seepage and slope stability analyses were mainly divided into five categories determined by the type of drawdown rate. However, in this study, the main interest was in the 1 m per day drawdown rate, where the reservoir was drained to half of the maximum water level. The analyses were accomplished for both steady-state and transient flow conditions, while among many other parameters, the nature of piezometric lines and pore water pressures were investigated.
[bookmark: _Toc97504868][bookmark: _Toc103544002][bookmark: _Toc104985327]At the normal operating level
[bookmark: _Toc97504869][bookmark: _Toc103544003][bookmark: _Toc104985328]Seepage analysis 
Figure 5.13 presents the steady-state seepage analysis results with different hydraulic conductivity values applied in zone 1. As indicated by the piezometric lines, the nature of seepage is observed to be sharply moving downward through zone 2 towards the drainage zone.
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[bookmark: _Ref98106710][bookmark: _Toc97428279][bookmark: _Toc98085954][bookmark: _Toc103544149][bookmark: _Toc104985472]Figure 5.13 – Steady state seepage: a) ksat = 5∙10-5 m/s; b) ksat = 10-5 m/s; c) ksat = 5∙10-6 m/s; d) ksat = 10-6; e) ksat = 5∙10-7 m/s; f) ksat = 10-7 m/s
As previously mentioned, the drawdown rate of 1m per day to half of the maximum water level was the main interest of this study. Figure 5.14 presents the seepage analysis results with ksat = 10-5 and 10-7 m/s in zone 1. It can be observed that, as the hydraulic conductivity reduces in zone 1, making it less permeable, it has a significant effect on the dissipation of pore water pressures after the drawdown. The curves of the piezometric lines in Figure 5.14(a) are flatter than the ones in Figure 5.14(b). The phenomenon reveals further that, under rapid drawdown scenarios, zone 1 has to be more permeable to allow easy dissipation of water pressure and reduce the risk of failure.
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[bookmark: _Ref98106736][bookmark: _Toc97428280][bookmark: _Toc98085955][bookmark: _Toc103544150][bookmark: _Toc104985473]Figure 5.14 – A half drawdown (1m per day) seepage; a) ksat=10-5 m/s; b) ksat=10-5 m/s; c) ksat=10-7 m/s
[bookmark: _Toc97504870][bookmark: _Toc103544004][bookmark: _Toc104985329]Slope stability analysis 
The slope stability analysis cases were mainly determined by the saturated hydraulic conductivities (permeabilities) in zone 1 and the drawdown rates. However, this study’s interest was in the 1m per day drawdown rate as the most realistic case.
Figure 5.15 presents the slope stability analysis results when zone 1 was subjected to the hydraulic conductivity of 5∙10-5 m/s. Likewise, it can be observed that the minimum factor of safety (1.355) was retrieved from the last day of the drawdown (28th day).
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[bookmark: _Ref104125818][bookmark: _Toc104985474]Figure 5.15 – Slope stability under ksat = 5∙10-5 m/s; a) embankment with slip surface; b) graph of factor of safety values
Figure 5.16 presents the slope stability analysis results when zone 1 was subjected to the hydraulic conductivity of 10-5 m/s. From Figure 5.16, it can be observed that the minimum factor of safety equal to 1.321 was retrieved from the last day of the drawdown (28th day). Also, the factor of safety started dropping immediately after the reservoir drawdown and kept on dropping to the 28th day of the drawdown and slowly started regaining stability as the pore-water pressures kept on dissipating in the embankment. However, after a while, the factor of safety value remains almost constant at a value of approximately 1.4 for the entire remaining period of the simulation.
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[bookmark: _Ref98106826][bookmark: _Toc97428281][bookmark: _Toc98085956][bookmark: _Toc103544151][bookmark: _Toc104985475]Figure 5.16 – Slope stability under ksat=10-5 m/s; a) embankment with slip surface; b) graph of factor of safety values
Figure 5.17 presents the slope stability analysis results when zone 1 was subjected to the hydraulic conductivity of 5∙10-6 m/s. Whereby, Figure 5.17 shows that the minimum factor of safety was retrieved during the last day of the drawdown with a value of 1.296.
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[bookmark: _Ref104126657][bookmark: _Toc104985476]Figure 5.17– Slope stability under ksat = 5∙10-6 m/s; a) embankment with slip surface; b) graph of factor of safety values
Figure 5.18 shows the slope stability analysis results when zone 1 was subjected to the hydraulic conductivity of 10-6 m/s. Similarly, as observed from the 10-5 m/s, the factor of safety tends to drop immediately after the beginning of the reservoir drawdown process and kept on dropping to the 28th day (last day) of the drawdown and slowly started regaining stability as the pore-water pressures kept on dissipating in the embankment. Contrary to the 10-5 m/s, the trend of regaining stability for the hydraulic conductivity of 10-6 m/s is a bit sharper than the 10-5 m/s, with the factor of safety increasing from approximately 1.2 to 1.4, taking more time than the 10-5 m/s. 
	[image: ]
(a)

	[image: ]
(b)


[bookmark: _Ref98106872][bookmark: _Toc97428282][bookmark: _Toc98085957][bookmark: _Toc103544152][bookmark: _Toc104985477]Figure 5.18 – Slope stability under ksat=10-6 m/s; a) embankment with slip surface; b) graph of factor of safety values
Figure 5.19 presents the slope stability analysis results when zone 1 was subjected to the hydraulic conductivity of 5∙10-6 m/s. From Figure 5.19, a minimum factor of safety value of about 1.108 was retrieved during the 28th day of the rapid drawdown.
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[bookmark: _Ref104127284][bookmark: _Toc104985478]Figure 5.19– Slope stability under ksat = 5∙10-7 m/s; a) embankment with slip surface; b) graph of factor of safety values
Figure 5.20 presents the slope stability analysis results when zone 1 was subjected to the hydraulic conductivity of 10-7 m/s. As previously observed, the factor of safety values started reducing following the reservoir drawdown process and kept on reducing to the 28th day (last day) of the drawdown and slowly started regaining stability as the pore-water pressures kept on dissipating in the embankment. However, for the 10-7 m/s, the factor of safety values went all the way to below 1 with an alarm of a potential failure. In this phenomenon, it is noticed that, for a combination of the embankment material properties and the drawdown rate of 1m per day, the zone 1 hydraulic conductivity should be higher than 10-7 m/s.
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[bookmark: _Ref98106899][bookmark: _Toc97428283][bookmark: _Toc98085958][bookmark: _Toc103544153][bookmark: _Toc104985479]Figure 5.20 – Slope stability under ksat=10-7 m/s; a) embankment with slip surface; b) graph of factor of safety values
From the minimum values of factor of safety (Table 5.3), it is revealed further that, as Zone 1 becomes more impervious following the reduction of saturated hydraulic conductivity, the embankment is subjected to a potential failure. From Table 5.3, it can be observed that the lowest minimum factor of safety value of 0.901 corresponds to the 10-7 m/s saturated hydraulic conductivity. 
According to [284], if the factor of safety is near or below 1, then severe erosion or shallow slumping is a phenomenon likely to occur. This observation shows the general potential risk of an embankment failure when the factor of safety is below 1. As a slope stability improvement approach, the application of vegetation on the slope can also be useful to reduce such a problem with the fact that the vegetation roots improve soil cohesion [285]. In general, from Table 5.3, it can be seen that the highest minimum value of factor of safety was achieved from the 5∙10-5 m/s and reduces towards 10-7 m/s as the lowest hydraulic conductivity value in the list. 
The steady-state factor of safety values is inversely proportional to the rapid drawdown factor of safety values, as shown in Table 5.3. This means that, whereas the steady-state factor of safety values increases as embankment permeability decreases, the rapid drawdown factor of safety values decreases as embankment permeability decreases. In that regard, it is worth noting that, based on the findings, it is critical to consider rapid drawdown situations during the design phase of an embankment dam in order to optimize the factor of safety values.
[bookmark: _Ref98106955][bookmark: _Toc97077209][bookmark: _Toc103544258][bookmark: _Toc104985584]Table 5.3 – The minimum factor of safety values are based on the saturated hydraulic conductivity values in zone 1 under 1m per day drawdown rate
	Sat. hydraulic conductivity (m/s)
	Steady-state factor of safety
	Minimum values of factor of safety

	5∙10-5
	1.665
	1.355

	10-5
	1.669
	1.321

	5∙10-6
	1.674
	1.296

	10-6
	1.716
	1.180

	5∙10-7
	1.746
	1.108

	10-7
	1.972
	0.901



[bookmark: _Hlk78208442]Moreover, in a real situation is almost difficult to achieve an instantaneous drawdown, but, it is always preferable to include potential worst scenarios in a slope stability analysis. Figure 5.21 highlights the minimum values of factor of safety from the instantaneous, 5 days and 10 days drawdown rates for the highest (5∙10-5 m/s) and lowest (10-7 m/s) saturated hydraulic conductivities. It can be observed that all the factor of safety values are below 1.0, revealing further that for the embankment material properties, the drawdown rate should not be below 1m per day.

[bookmark: _Ref98107171][bookmark: _Toc97428284][bookmark: _Toc98085959][bookmark: _Toc103544154][bookmark: _Toc104985480]Figure 5.21 – Minimum values of factor of safety from the instantaneous, 5 days, and 10 days drawdown rates under 5∙10-5 m/s and 10-7 m/s saturated hydraulic conductivities: FS- factor of safety
[bookmark: _Toc103544005][bookmark: _Toc104985330]Analysis of variance (ANOVA) under normal operating reservoir level and 1 m per day drawdown rate
The retrieved factor of safety values from the normal operating reservoir level, and different hydraulic conductivity values were subjected to the analysis of variance (ANOVA) in order to investigate the significance level of differences in the factor of safety values.
Table 5.4 presents a summary of the ANOVA results when the different hydraulic conductivity values were applied under normal operating reservoir levels and instantaneous drawdown rate. The combination of the hydraulic conductivity values, normal operating reservoir level, and instantaneous drawdown rate yielded a p-value of 4.64× 10−7. The p-value obtained was less than 0.05, indicating that the variations in factor of safety values from the combination of hydraulic conductivity values, normal operating reservoir level, and instantaneous drawdown rate were statistically significant.
[bookmark: _Ref102349361][bookmark: _Toc103544259][bookmark: _Toc104985585]Table 5.4 ANOVA results from different hydraulic conductivity values, normal operating reservoir level, and instantaneous drawdown rate.
	ANOVA: Single Factor

	SUMMARY

	Groups
	Count
	Sum
	Average
	Variance

	5 ×10−5
	31
	38.467
	1.241
	0.185

	10−5
	31
	35.430
	1.143
	0.187

	5 ×10−6
	31
	34.370
	1.109
	0.190

	10−6
	31
	33.519
	1.081
	0.095

	5 ×10−7
	31
	37.077
	1.196
	0.063

	10−7
	31
	49.579
	1.599
	0.099

	ANOVA

	Source of Variation
	SS
	df
	MS
	F
	P-value
	F crit

	Between Groups
	5.644252
	5
	1.12885
	8.276115
	4.64× 10−7
	2.26431

	Within Groups
	24.55175
	180
	0.136399
	
	
	

	
	
	
	
	
	
	

	Total
	30.196
	185
	 
	 
	 
	 



The ANOVA results when the varied hydraulic conductivity values were applied under normal operating reservoir level and 5 days drawdown rate are summarized in Table 5.5. A p-value of 0.000302 was obtained by combining the hydraulic conductivity measurements, normal operating reservoir level, and 5 days drawdown rate. The calculated p-value was less than 0.05, showing that the differences in factor of safety values resulting from the combination of hydraulic conductivity values, normal operating reservoir level, and 5 days drawdown rate were statistically significant.
[bookmark: _Ref102349646][bookmark: _Toc103544260][bookmark: _Toc104985586]Table 5.5 ANOVA results from different hydraulic conductivity values, normal operating reservoir level, and 5 days drawdown rate.
	ANOVA: Single Factor

	SUMMARY

	Groups
	Count
	Sum
	Average
	Variance

	5 ×10−5
	31
	40.076
	1.293
	0.193

	10−5
	31
	37.327
	1.204
	0.203

	5 ×10−6
	31
	36.347
	1.172
	0.209

	10−6
	31
	33.324
	1.075
	0.069

	5 ×10−7
	31
	27.289
	0.880
	0.087

	10−7
	31
	30.063
	0.970
	0.140

	ANOVA

	Source of Variation
	SS
	df
	MS
	F
	P-value
	F crit

	Between Groups
	3.692272
	5
	0.738454
	4.920757
	0.000302
	2.26431

	Within Groups
	27.01247
	180
	0.150069
	
	
	

	
	
	
	
	
	
	

	Total
	30.70474
	185
	 
	 
	 
	 



Table 5.6 presents a summary of the ANOVA results when the different hydraulic conductivity values were applied under normal operating reservoir levels and 10 days drawdown rate. Moreover, it can be observed that a p-value of 8.78× 10−6 from the investigated parameters is less than the alpha value of 0.05, indicating a high level of statistical significance from the factor of safety values among the investigated parameters.
[bookmark: _Ref102349957][bookmark: _Toc103544261][bookmark: _Toc104985587]Table 5.6 ANOVA results from different hydraulic conductivity values, normal operating reservoir level, and 10 days drawdown rate
	ANOVA: Single Factor

	SUMMARY

	Groups
	Count
	Sum
	Average
	Variance

	5 ×10−5
	31
	40.085
	1.293
	0.272

	10−5
	31
	42.420
	1.368
	0.250

	5 ×10−6
	31
	39.241
	1.266
	0.282

	10−6
	31
	29.131
	0.940
	0.093

	5 ×10−7
	31
	33.677
	1.086
	0.131

	10−7
	31
	26.440
	0.853
	0.167

	ANOVA

	Source of Variation
	SS
	df
	MS
	F
	P-value
	F crit

	Between Groups
	6.71568
	5
	1.343136
	6.739369
	8.78× 10−6
	2.26431

	Within Groups
	35.87346
	180
	0.199297
	
	
	

	
	
	
	
	
	
	

	Total
	42.58914
	185
	 
	 
	 
	 


When the different hydraulic conductivity values were used under normal operating reservoir level and 10 days drawdown rate, the ANOVA results are summarized in Table 5.7. Furthermore, the studied parameters have a p-value of 3.41× 10−9, which is less than the alpha value of 0.05, showing a high level of statistical significance from the factor of safety values among the investigated parameters.
[bookmark: _Ref102350401][bookmark: _Toc103544262][bookmark: _Toc104985588]Table 5.7 ANOVA results from different hydraulic conductivity values, normal operating reservoir level, and 1 m per day drawdown rate
	ANOVA: Single Factor

	SUMMARY

	Groups
	Count
	Sum
	Average
	Variance

	5 ×10−5
	61
	94.760
	1.553
	0.093

	10−5
	61
	95.168
	1.560
	0.091

	5 ×10−6
	61
	93.723
	1.536
	0.085

	10−6
	61
	84.505
	1.385
	0.063

	5 ×10−7
	61
	87.745
	1.438
	0.052

	10−7
	61
	77.295
	1.267
	0.101

	ANOVA

	Source of Variation
	SS
	df
	MS
	F
	P-value
	F crit

	Between Groups
	4.134524
	5
	0.826905
	10.24486
	3.41× 10−9
	2.23906

	Within Groups
	29.05709
	360
	0.080714
	
	
	

	
	
	
	
	
	
	

	Total
	33.19161
	365
	 
	 
	 
	 


[bookmark: _Toc97504871][bookmark: _Toc103544006]
[bookmark: _Toc104985331]At the reduced operating level
In this study, the long-term water level was reduced to almost half of the embankment and then subjected to both seepage and slope stability analysis. The operating water level reduction was made to capture the effect of the rapid drawdown when the long-term operating reservoir water level has significantly reduced in the reservoir, whereby land use and land cover change, and climatic conditions are among the crucial factors leading to such a phenomenon.
[bookmark: _Toc97504872][bookmark: _Toc103544007][bookmark: _Toc104985332]Seepage analysis
From Figure 5.22 (presenting the long-term steady-state results under reduced operating level), we understand that the first three zones of the embankment are subjected to excess pore-water pressure as the long-term operating reservoir waster was reduced to almost a half of the embankment. The pore water pressure is critical for distinguishing total stress from effective stress in soil. For precise field calculations, a reliable depiction of soil stress is required. The phenomenon observed in Figure 5.22 may suggest that when the reservoir operating water level is reduced, then the upstream zone of the embankment should be of more non-cohesive materials. 
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[bookmark: _Ref98107224][bookmark: _Toc97428285][bookmark: _Toc98085960][bookmark: _Toc103544155][bookmark: _Toc104985481]Figure 5.22 – Steady-state seepage under the reduced operating water level
Figure 5.23 presents the results of the instantaneous (worst assumed scenario) drawdown seepage under the reduced operating water level. Even after the water in the reservoir has been completely drained, the pore-water pressures in the embankment remain quite high, as seen by the piezometric lines in the figure. If an embankment is erected over a high cohesive material foundation, the material may experience a temporary situation of excess pore pressure, according to the literature. The extra pore pressure within the soil cannot easily disperse due to its low permeability. The higher pore pressure can therefore lead to decreased safety factors and probable failure in a non-steady-state condition [286].
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[bookmark: _Ref98107263][bookmark: _Toc97428286][bookmark: _Toc98085961][bookmark: _Toc103544156][bookmark: _Toc104985482]Figure 5.23 – Instantaneous drawdown seepage under the reduced operating water level
After the instantaneous drawdown scenario, the drawdown rate was then reduced to 5 days, whereby the results of the 5 days drawdown seepage under reduced operating water level are shown in Figure 5.24. A similar phenomenon can also be observed that, even after the water in the reservoir has been completely drained, the pore-water pressures in the embankment remain quite high, as seen by the piezometric lines in the figure. According to the literature, permeable non-cohesive soils have a high sensitivity to stress variations induced by construction and reservoir level fluctuations, as well as rapid dissipation, while excess pore pressures in clay dissipate much more slowly [287].
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[bookmark: _Ref98107285][bookmark: _Toc97428287][bookmark: _Toc98085962][bookmark: _Toc103544157][bookmark: _Toc104985483]Figure 5.24 – Rapid drawdown (5 days) seepage under the reduced operating water level
The drawdown rate was reduced further to 10 days following the instantaneous drawdown and 5 days drawdown rates, with the results of the 10 days drawdown rate seepage under reduced operating water level displayed in Figure 5.25. The piezometric lines in the Figure still show a similar phenomenon as observed from the instantaneous and 5 days drawdown rates, whereby, even after the water in the reservoir has been fully drained, the pore-water pressures in the embankment remain relatively high. This phenomenon reveals further that there is a potential threat to the stability of the embankment even when the drawdown rate is reduced to 10 days.
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[bookmark: _Ref98107313][bookmark: _Toc97428288][bookmark: _Toc98085963][bookmark: _Toc103544158][bookmark: _Toc104985484]Figure 5.25 – Rapid drawdown (10 days) seepage under the reduced operating water level
Despite some improvements in terms of pore-water pressure dissipation when the drawdown rate was reduced further to 1 m per day, it can be observed in Figure 5.26 that there is a significant struggle in terms of pore-water pressure dissipation after the drawdown. It has to be noted that, as the soil becomes increasingly saturated, the pore water pressure rises, lowering the soil's shearing resistance. The slope's factor of safety is reduced as a result of this circumstance. The constant rise in water level raises pore water pressure in the soil, causing considerable slope model slide [288].
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[bookmark: _Ref98107340][bookmark: _Toc97428289][bookmark: _Toc98085964][bookmark: _Toc103544159][bookmark: _Toc104985485]Figure 5.26 – Rapid drawdown (1 m per day) seepage under the reduced operating water level
[bookmark: _Toc97504873][bookmark: _Toc103544008][bookmark: _Toc104985333]Slope stability
Under the reduced operating water levels, the embankment was also subjected to slope stability analysis. For embankment slope stability, a minimum factor of safety of 1.5 is always suggested [289]. From Figure 5.27, it can be observed that the steady-state achieved a minimum factor of safety of 1.62; however, this value is too close to the minimum recommended value, signifying that the embankment will fail under a rapid drawdown scenario. It is also worth noting that a steady-state flow condition is one in which the pressure at any location in the reservoir remains constant across time. In that matter, if the water level in the embankment is high enough to provide balance, it is expected that the factor of safety value should be relatively high. However, the observed low factor of safety value under the reduced reservoir operating level can be highly linked to the combination of the material properties and slope of the upstream face of the embankment. Based on these results, we understand that there is a significant influence of the reservoir's long-term operating level on the embankment slope stability.
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[bookmark: _Ref98107562][bookmark: _Toc97428290][bookmark: _Toc98085965][bookmark: _Toc103544160][bookmark: _Toc104985486]Figure 5.27 – Steady-state slope stability under the reduced operating water level
Figure 5.28 presents the assumed worst scenario of the drawdown rate where the reservoir is drained instantly. With the long-term reservoir operating level being almost at the middle of the embankment height, the embankment completely fails under an instantaneous drawdown rate. Safety factors are a measure of how reliable geotechnical structures like embankment dams and soil slopes are. The safety factor accommodates for design load uncertainties as well as input value inconsistencies. In that matter, it is worth noting that a larger safety factor from a well-investigated system can provide an indication that the embankment is relatively stable and less prone to failure under different operating conditions.
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[bookmark: _Ref98107596][bookmark: _Toc97428291][bookmark: _Toc98085966][bookmark: _Toc103544161][bookmark: _Toc104985487]Figure 5.28 – Instantaneous slope stability under the reduced operating water level
Figure 5.29 depicts the results from the 5 days drawdown rate, in which the reservoir is completely drained within 5 days. However, from the minimum obtained factor of safety value, we can understand that the embankment fully breaks under the specified drawdown rate with the long-term reservoir operating level almost at the midpoint of the embankment height.
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[bookmark: _Ref98107617][bookmark: _Toc97428292][bookmark: _Toc98085967][bookmark: _Toc103544162][bookmark: _Toc104985488]Figure 5.29 – Rapid drawdown (5 days) slope stability under the reduced operating water level; a) embankment with slip surface; b) graph of factor of safety values
The results of the 10 days drawdown rate, in which the reservoir is drained in 10 days, are shown in Figure 5.30. However, the embankment breaks under the required drawdown rate, with the long-term reservoir operating level almost at the midway of the embankment height, as shown by the minimal obtained factor of safety value. 
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[bookmark: _Ref98107650][bookmark: _Toc97428293][bookmark: _Toc98085968][bookmark: _Toc103544163][bookmark: _Toc104985489]Figure 5.30 – Rapid drawdown (10 days) slope stability under the reduced operating water level
Despite the improvement in terms of the factor of safety value when the embankment was subjected to the 1 m per day drawdown rate, still the 1.107 (as shown in Figure 5.31) minimum factor of safety value is not sufficient enough to guarantee the safety of the embankment. 
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[bookmark: _Ref98107664][bookmark: _Toc97428294][bookmark: _Toc98085969][bookmark: _Toc103544164][bookmark: _Toc104985490]Figure 5.31 – Rapid drawdown (1 m per day slope stability) under the reduced operating water level
[bookmark: _Toc97504874][bookmark: _Toc103544009][bookmark: _Toc104985334]At embankment height
The long-term water level was increased to the maximum height of the embankment in this study, and then seepage and slope stability analyses were performed. This was done to capture the effect of rapid drawdown when the long-term operating reservoir water level has increased in the reservoir. It is also worth noting that land use and land cover change, as well as climatic conditions, are among the key elements that can contribute to a substantial increase in the reservoir's long-term operating level.
[bookmark: _Toc97504875][bookmark: _Toc103544010][bookmark: _Toc104985335]Seepage analysis
We can see from Figure 5.32 that the buildup of pore-water pressures had greatly decreased as compared to when the long-term water level was reduced to half of the embankment; whereby, in the analysis, it was observed that the first three zones of the embankment were subjected to excess pore-water pressure. As previously stated, the pore water pressure is crucial for separating total stress from effective stress in soil; thus, a correct depiction of soil stress is required for exact field calculations. 
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[bookmark: _Ref98107724][bookmark: _Toc97428295][bookmark: _Toc98085970][bookmark: _Toc103544165][bookmark: _Toc104985491]Figure 5.32 – Steady-state seepage at embankment height operating level
The results of the instantaneous (worst-case scenario) drawdown seepage under increased operating water levels are shown in Figure 5.33. Even after the water in the reservoir has been completely drained, the pore-water pressures in the embankment remain quite high, as seen by the piezometric lines in the figure. According to the literature, if an embankment is erected over a high cohesive material foundation, the material may experience a temporary situation of excess pore pressure. Due to the soil's limited permeability, the increased pore pressure cannot easily dissipate. In a non-steady-state scenario, greater pore pressure can lead to lower safety factors and possible failure.
[image: ]
[bookmark: _Ref98107744][bookmark: _Toc97428296][bookmark: _Toc98085971][bookmark: _Toc103544166][bookmark: _Toc104985492]Figure 5.33 – Instantaneous seepage at embankment height operating level
The drawdown rate was reduced to 5 days after the instantaneous drawdown scenario, with the outcomes of the 5 days drawdown seepage under reduced working water level displayed in Figure 5.34. The piezometric lines in the picture show a similar phenomenon: even after the water in the reservoir has been fully drained, the pore-water pressures in the embankment remain relatively high. As previously mentioned, permeable non-cohesive soils have been shown in the literature to have a high sensitivity to stress variations produced by construction and reservoir level fluctuations, as well as fast dissipation [290].
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[bookmark: _Ref98107759][bookmark: _Toc97428297][bookmark: _Toc98085972][bookmark: _Toc103544167][bookmark: _Toc104985493]Figure 5.34 – Rapid drawdown (5 days) seepage at embankment height operating level
Following the immediate and 5 days drawdown rates, the drawdown rate was reduced to 10 days, with the results of the 10 days drawdown rate seepage under increasing operating water level shown in Figure 5.35. The piezometric lines in the Figure still demonstrate the same phenomenon as the instantaneous and 5 days drawdown rates, namely that pore-water pressures in the embankment remain relatively high even after the reservoir has been completely drained. This event also demonstrates that even when the drawdown rate is lowered to 10 days, the embankment's stability may be jeopardized.
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[bookmark: _Ref98107775][bookmark: _Toc97428298][bookmark: _Toc98085973][bookmark: _Toc103544168][bookmark: _Toc104985494]Figure 5.35 – Rapid drawdown (10 days) seepage at embankment height operating level
Despite modest gains in terms of pore-water pressure dissipation when the drawdown rate was reduced further to 1 m per day, Figure 5.36 shows that pore-water pressure dissipation after the drawdown is a substantial challenge. It's worth once again noting that as the soil becomes more saturated, the pore water pressure rises, lowering the shearing resistance of the soil. As a result of this condition, the slope's factor of safety is diminished. The level of permeability rate in the upstream zone of the embankment enhances pore water pressure.
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[bookmark: _Ref98107825][bookmark: _Toc97428299][bookmark: _Toc98085974][bookmark: _Toc103544169][bookmark: _Toc104985495]Figure 5.36 – Rapid drawdown (1 m per day) seepage at embankment height operating water level
[bookmark: _Toc97504876][bookmark: _Toc103544011][bookmark: _Toc104985336]Slope stability
A slope stability study was also performed on the embankment when operating water levels were increased to the maximum embankment height. With the fact that normally a minimum factor of safety of 1.5 is recommended to ensure that the embankment is relatively safe from failure, the factor of safety value of 1.795, as observed in Figure 5.37, is considered to be safe under steady-state operating conditions. However, as previously stated that in a steady-state flow condition, the pressure at any point in the reservoir remains constant over time. 
The design of this study intended to investigate the potential effect of the rapid drawdown conditions on the embankment slope stability when the reservoir is operating at the maximum embankment height. The retrieved factor of safety value from the steady-state under increased operating level is approximately 10.8% higher than that of 1.62 factor of safety value observed when the operating level was reduced to half of the embankment.
The water level in the embankment appears to be sufficient in this situation to maintain a balance between the reservoir and the embankment, a phenomenon that may be required to obtain a high factor of safety value.

[image: ]
[bookmark: _Ref98107879][bookmark: _Toc97428300][bookmark: _Toc98085975][bookmark: _Toc103544170][bookmark: _Toc104985496]Figure 5.37 – Steady-state slope stability at embankment height operating water level
Figure 5.38 depicts the worst-case drawdown rate, in which the reservoir is completely drained within a very short period. Based on the minimum factor of safety value, we understand that the embankment immediately fails under instantaneous drawdown with the long-term reservoir operating level almost at the maximum embankment height; this is due to the fact that safety factors measure the reliability of geotechnical structures such as embankment dams and soil slopes. Whereby it should also be highlighted that the safety factor accounts for design load uncertainties. 
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[bookmark: _Ref98107890][bookmark: _Toc97428301][bookmark: _Toc98085976][bookmark: _Toc103544171][bookmark: _Toc104985497]Figure 5.38 – Instantaneous slope stability at embankment height operating water level
The results of the 5 days drawdown rate, in which the reservoir is drained in 5 days, are shown in Figure 5.39. However, the embankment completely fails under the assigned drawdown rate, with the long-term reservoir operating level almost at the maximum height of the embankment height, judging from the minimal obtained factor of safety value. The minimum factor of safety value of 0.210 is way far below the recommended values. 
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[bookmark: _Ref98107915][bookmark: _Toc97428302][bookmark: _Toc98085977][bookmark: _Toc103544172][bookmark: _Toc104985498]Figure 5.39 – Rapid drawdown (5 days) slope stability at embankment height operating water level
Furthermore, the required factor of safety increased to some extent from 0.206 (5 days drawdown) to 0.290 (Figure 5.40) when the embankment was subjected to a 10-day drawdown rate. However, the 10-day drawdown rate's minimal factor of safety value is still significantly below the specified minimum factor of safety value for slope stability in embankments. Apart from the 1.5 recommended minimum factor of safety value, some other literature sources use 1.0 as the threshold for the factor of safety values; whereby, according to the other sources, when the factor of safety is less than 1.0, a slope is considered unstable [291]. 
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[bookmark: _Ref98107932][bookmark: _Toc97428303][bookmark: _Toc98085978][bookmark: _Toc103544173][bookmark: _Toc104985499]Figure 5.40 – Rapid drawdown (10 days) slope stability at embankment height operating water level
The drawdown rate was then reduced to 1 m per day. Whereby, the minimum factor of safety value of 0.875 was retrieved from the 1 m per day drawdown rate, as shown in Figure 5.41. The recovered minimal factor of safety value for embankment slope stability is still below the recommended minimum factor of safety value. The general phenomenon shows that the embankment will completely fail if it is subjected to a rapid drawdown while it is operating under the maximum height water level. When evaluating the stability of man-made or natural slopes, however, it is significantly important to choose the most critical surface, which means the critical surface with the lowest factor of safety value. Following the selection of this surface, it is also necessary to decide whether the slope should be reinforced to satisfy the minimum required factor of safety. Slope stability problems have forced projects to be dramatically revised in the past, according to the literature [292].
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[bookmark: _Ref98107945][bookmark: _Toc97428304][bookmark: _Toc98085979][bookmark: _Toc103544174][bookmark: _Toc104985500]Figure 5.41 – Rapid drawdown (1 m per day) slope stability at embankment height operating water level
[bookmark: _Toc103544012][bookmark: _Toc104985337]Analysis of variance (ANOVA) from different operating levels.
When the different operating water levels were used under instantaneous drawdown rate, the ANOVA results are summarized in Table 5.8. It can be observed that the studied parameters yielded a p-value of 2.37× 10−5, which is less than the alpha value of 0.05, showing a high level of statistical significance from the factor of safety values.
[bookmark: _Ref102350627][bookmark: _Toc103544263][bookmark: _Toc104985589]Table 5.8 ANOVA results from different operating reservoir levels and instantaneous drawdown rate
	ANOVA: Single Factor

	SUMMARY

	Groups
	Count
	Sum
	Average
	Variance

	Normal
	31
	49.579
	1.599
	0.099

	Reduced
	31
	39.537
	1.275
	0.075

	Maximum
	31
	49.181
	1.586
	0.086

	ANOVA

	Source of Variation
	SS
	df
	MS
	F
	P-value
	F crit

	Between Groups
	2.085776
	2
	1.042888
	12.01519
	2.37× 10−5
	3.097698

	Within Groups
	7.811768
	90
	0.086797
	
	
	

	Total
	9.897544
	92
	 
	 
	 
	 


Table 5.9 presents the results from the ANOVA when the different operating reservoir levels were applied under the 5 days drawdown rate. It can be seen that a p-value of 0.01071 was retrieved, which is less than the alpha value of 0.05. The obtained p-value also shows a high level of statistical significance in the differences in terms of factor of safety values.
[bookmark: _Ref102350897][bookmark: _Toc103544264][bookmark: _Toc104985590]Table 5.9 ANOVA results from different operating reservoir levels and 5 days drawdown rate
	ANOVA: Single Factor

	SUMMARY

	Groups
	Count
	Sum
	Average
	Variance

	Normal
	31
	30.063
	0.970
	0.140

	Reduced
	31
	33.600
	1.084
	0.047

	Maximum
	31
	24.289
	0.784
	0.262

	ANOVA

	Source of Variation
	SS
	df
	MS
	F
	P-value
	F crit

	Between Groups
	1.42528
	2
	0.71264
	4.773089
	0.01071
	3.097698

	Within Groups
	13.43733
	90
	0.149304
	
	
	

	Total
	14.86261
	92
	 
	 
	 
	 



The findings of the ANOVA when the varied operational reservoir levels were applied under the 10 days drawdown rate are shown in Table 5.10. As can be seen, a p-value of 4.81× 10−5 was found, which is lower than the alpha value of 0.05. In terms of variations in factor of safety values, the calculated p-value likewise reveals a high level of statistical significance.
[bookmark: _Ref102351240][bookmark: _Toc103544265][bookmark: _Toc104985591]Table 5.10 ANOVA results from different operating reservoir levels and 10 days drawdown rate
	ANOVA: Single Factor

	SUMMARY

	Groups
	Count
	Sum
	Average
	Variance

	Normal
	31
	26.440
	0.853
	0.167

	Reduced
	31
	34.797
	1.122
	0.056

	Maximum
	31
	22.041
	0.711
	0.141

	ANOVA

	Source of Variation
	SS
	df
	MS
	F
	P-value
	F crit

	Between Groups
	2.708766
	2
	1.354383
	11.12675
	4.81× 10−5
	3.097698

	Within Groups
	10.95508
	90
	0.121723
	
	
	

	Total
	13.66385
	92
	 
	 
	 
	 



Table 5.11 presents the results from the ANOVA from the factor of safety values when the different operating reservoir levels were applied under the 1 m per day drawdown rate. It can be seen that a p-value of 0.090534 was retrieved, which is less than the alpha value of 0.05 (statistically significant).
[bookmark: _Ref102351345][bookmark: _Toc103544266][bookmark: _Toc104985592]Table 5.11 ANOVA results from different operating reservoir levels and 1 m per day drawdown rate
	ANOVA: Single Factor

	SUMMARY

	Groups
	Count
	Sum
	Average
	Variance

	Normal
	61
	77.295
	1.267
	0.101

	Reduced
	61
	74.580
	1.223
	0.035

	Maximum
	61
	69.833
	1.145
	0.153

	ANOVA

	Source of Variation
	SS
	df
	MS
	F
	P-value
	F crit

	Between Groups
	0.467745
	2
	0.233872
	2.434373
	0.090534
	3.046148

	Within Groups
	17.29276
	180
	0.096071
	
	
	

	Total
	17.7605
	182
	 
	 
	 
	 



[bookmark: _Toc103544013][bookmark: _Toc104985338]Comparison of different slope stability methods
Figure 5.42 presents the results from different slope stability analysis methods under steady-state conditions; it can be observed that, except for the Bishop method, which produced 1.971 as a long-term steady-state factor of safety value, all the other methods produced the same long-term steady-state factor of safety value. However, the difference between the factor of safety retrieved from the Bishop method and the other methods (Spencer, Janbu, Morgenstern-Price, and Sarma) is relatively small to make a significant impact. According to the study conducted by Wen-Jie Niu [293] that worked on the analytical solution for slope safety factor determination, a similar phenomenon was observed; whereby the minimum safety factor for the example slope using the Ordinary approach was 1.328. The lowest safety factor for the example slope using the Bishop approach was 1.390. The minimum safety factor for the example slope using the Janbu approach was 1.316. The minimum safety factor for the example slope using the Morgenstern-Price approach was 1.389. The lowest safety factor for the example slope using the Spencer technique was 1.389. The variation in terms of factor of safety values recovered from different slope stability analysis methodologies was relatively minimal, according to the findings. The lowest safety factor for the example slope using the GLE approach was 1.389. After solving and evaluating the problem with the Janbu generalized technique using the SLOPE/W program, a safety factor of 1.389 was retrieved.
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[bookmark: _Ref98107965][bookmark: _Toc98085980][bookmark: _Toc103544175][bookmark: _Toc104985501]Figure 5.42 – Results from different slope stability analysis methods under steady-state conditions: a) Bishop method; b) Janbu; c) Morgenstern-Price; d) Sarma
[bookmark: _Toc103544014][bookmark: _Toc104985339]Summary of the sub-section
[bookmark: _Hlk98028744][bookmark: _Hlk75789557]The potential influence of material characteristics on the slope stability of an embankment dam under rapid drawdown conditions has been investigated. The influence of material characteristics on slope stability was investigated mainly based on the different hydraulic conductivity values assigned to zone 1 of the embankment. The investigation was achieved using the finite element method for the case of the Lugoda dam in the Ndembera catchment in Tanzania. Because impermeability affects pore-water pressure dissipation, pore-water pressures in the embankment remain rather high after the drawdown, according to the conclusions of the investigation. Also, the lowest minimum factor of safety value is obtained when the hydraulic conductivity value drops to 10-7 m/s, with a value of 0.901 which is below 1. The phenomenon indicates that, at a drawdown rate of 1m per day to a half of the maximum water level, there will be a potential failure of the embankment if the hydraulic conductivity value is below 10-6 m/s. Alternatively, if the hydraulic conductivity value has to be below 10-6 m/s, then a lower drawdown rate has to be applied to eliminate the potential failure. The results in this study revealed further that there is a significant relationship between slope stability and the combination of a drawdown rate and embankment material properties. Therefore, the phenomenon has to be carefully investigated and considered during the design phase of an embankment dam. When the embankment was investigated under a reduced reservoir level, a minimum factor of safety of 0.868 was retrieved from 5 days drawdown rate, but with the same drawdown rate under an increased water level, a minimum factor of safety value of 0.206 was obtained. The most interesting part is that, at a reduced reservoir operating level, the steady-state factor of safety value was lower than that obtained from an increased operating reservoir level.
[bookmark: _Toc97504878][bookmark: _Toc103544015][bookmark: _Toc104985340]Aktobe dam in Kazakhstan
[bookmark: _Toc97504879][bookmark: _Toc103544016][bookmark: _Toc104985341]Materials and methods
[bookmark: _Toc97504880][bookmark: _Toc103544017][bookmark: _Toc104985342]Case study description
The Aktobe dam is located approximately 10 km from the Aktobe City center in Western Kazakhstan; latitude: 50°12'23.26"N and longitude: 57°18'36.18"E. The reservoir with a volume of approximately 245 million m3 was put into operation in 1988. The Aktobe region is known to be among the largest regions in terms of area coverage in Kazakhstan, with an approximate area of 300,629 km2 occupying approximately 11 % of the entire country.
Several rivers are decorating the Aktobe region, including the Kargaly river, which discharges its water into another river (Ilek River). One of the tributaries of the Ilek (left tributary) passes through the center of the Aktobe region. Sazdy River is another important river that passes within the city, whereby large entertainment centers, shopping malls, and other social buildings are located along the river banks.
In terms of climatic conditions, the Aktobe region is characterized by a humid continental climate with significantly high seasonal variation levels in terms of temperature. The region is also characterized by strong winters like many other parts of the country, with temperatures dropping as low as -48 °C, whereas the daily average minimum temperature is −16 °C. Also, the Aktobe region s characterized by strong summers with the temperature reaching 43 °C, whereas the average maximum temperature is 30 °C. However, it is also worth pointing out that the levels of weather changes are extremely high in the region in spring and autumn, especially during the windiest days of March. Moreover, the rainy seasons are generally during early spring and a bit of late autumn (the period when winter starts), characterized by heavy snows during the winter. On average, the annual precipitation in the Aktobe region is approximately 330 mm.
Like many other parts of Kazakhstan, the geological condition in the Aktobe region is characterized by significantly extensive basement rocks resulting from the Precambrian and relatively high widespread Paleozoic rocks. Based on some studies, it has been observed that the groundwater of some parts of the region is characterized by high concentration levels of petroleum products [294].
[bookmark: _Toc97504881][bookmark: _Toc103544018][bookmark: _Toc104985343]Embankment geometry and modeling process
[bookmark: _Hlk90636820]In this study, finite element method analyses were used to evaluate the potential influence of rapid drawdown loading conditions on slope stability of an earth-fill dam for the case of the Aktobe dam. The general modeling process is characterized by two main types of analyses, namely, seepage analysis and slope stability analysis. The seepage analysis was executed using the SEEP/W unit of the GeoStudio, while the slope stability was executed using the SLOPE/W of the GeoStudio 2018 R2 (version 9.1.1.14749). Mainly, five different drawdown cases were used, namely; steady-state, instantaneous drawdown, 5-days drawdown, 10-days drawdown, and 1m per day drawdown rate. It is also worth noting that the seepage analyses were carried out concurrently with slope stability analyses.  The Aktobe dam embankment is characterized by a maximum water depth of 18.5 m, with an embankment height of 22.7 m (Figure 5.43). The embankment is mainly divided into five different zones based on material properties (discussed in the materials properties section). 
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[bookmark: _Ref98108043][bookmark: _Toc97428305][bookmark: _Toc98085981][bookmark: _Toc103544176][bookmark: _Toc104985502]Figure 5.43 – Embankment geometry
[bookmark: _Toc97504882][bookmark: _Toc103544019][bookmark: _Toc104985344]Seepage analysis
In the seepage analysis, it was important to establish a long-term steady-state using the Steady-state type of analysis before subjecting the embankment to the transient analysis. In that matter, the developed long-term steady conditions were used to feed pore-water pressures to the transient seepage analyses through the “parent” approach. This was a crucial stage or procedure because, as a result of the lengthy storage of any embankment dam, the water penetrating through the embankment will form a steady-state condition of seepage, which must be taken into account during numerical modeling [167].
However, as previously mentioned, the numerical modeling process consisted of several drawdown rates (instantaneous, 5 days drawdown, 10 days drawdown, and 1 m per day drawdown rate) and isotropic hydraulic conductivity values. To model the transient flow through varying water levels as the reservoir was being drained, linear functions were specified as a boundary condition on the upstream face of the embankment. It is also worth highlighting that the transient flow analyses received pore-water pressures from seepage analyses. Figure 5.44 presents the summary of the drawdown boundary conditions for the 5 days drawdown, 10 days drawdown, and 1 m per-day drawdown rates.
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[bookmark: _Ref98108063][bookmark: _Toc97428306][bookmark: _Toc98085982][bookmark: _Toc103544177][bookmark: _Toc104985503]Figure 5.44 – Boundary conditions: a) 10 days drawdown rate; b) 1 m per day drawdown rate
[bookmark: _Toc97504883][bookmark: _Toc103544020][bookmark: _Toc104985345]Slope stability analysis
As previously mentioned, the slope stability models received their pore-water pressures from the seepage analysis models. The slope stability modeling is generally based on the Morgenstern–Price approach, which is a general method of slices established based on the limit equilibrium. Its application requires the fulfillment of equilibrium of forces and moments acting on individual blocks.  To generate the blocks, the soil above the slip surface has to be divided by dividing planes [279]. Generally, the method is a limit equilibrium approach used to assess the factor of safety value of the potential failure mass based on satisfaction of both force and moment equilibrium [160].
In this study, the Morgenstern–Price approach was selected due to the fact that it is capable of satisfying the equilibrium conditions and involves the least numerical difficulty [158]. Furthermore, the Morgenstern–Price technique assumes that the ratio of normal to shear interslice forces through the sliding mass is described by an interslice force function that is the product of a given function f (x) and an unknown scaling factor λ.
[bookmark: _Hlk90550303]Several assumptions were incorporated in the formulation of the Morgenstern-Price method to compute the limit equilibrium of forces and moment on individual blocks [158]:
· The planes that divide one block and another are always vertical.
· The action line of the weight of the block passes through the center of the particular segment of slip surface represented by a point.
· The normal force is acting in the center of the particular segment of the slip surface at a point.
· The inclination of forces acting between blocks is different on each block at slip surface endpoints.
[bookmark: _Toc97504884][bookmark: _Toc103544021][bookmark: _Toc104985346]Material characteristics
The embankment was divided into different zones, and each zone was assigned a specific type of material based on the heterogeneity of the Aktobe dam. Zone 1 was composed of more non-cohesive materials (coarse materials) mixed with some fine materials with fixed hydraulic conductivity based on the dam material characteristics. Zones 2 (a) and (b) were also characterized by non-cohesive soil (filter materials) with more sand and gravel. On the other hand, Zone 3 was mainly composed of relatively high cohesive soil material, including fine-grained materials (clay). Moreover, Zone 4 was mainly composed of coarse material with relatively very little content of fines materials. In general, the liquid from all the zones ranged from 18% to 52%.  From Table 5.12, it can be observed that some other parameters such as diameter at passing 10%, diameter at passing 60%, internal angle of friction (degree), as well as unit weight were specified in the model. Figure 5.45 presents the summary of the volumetric water content and hydraulic conductivity functions assigned to the model from Zone 1 and 2.
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[bookmark: _Ref98108082][bookmark: _Toc97428307][bookmark: _Toc98085983][bookmark: _Toc103544178][bookmark: _Toc104985504]Figure 5.45 – Volumetric water content and hydraulic conductivity functions for different zones
[bookmark: _Ref98108118][bookmark: _Toc97077210][bookmark: _Toc103544267][bookmark: _Toc104985593]Table 5.12 – Material properties 
	Parameter
	Zone

	
	Zone 1
	Zone 2
	Zone 3a, b
	Zone 4

	Saturated hydraulic conductivity (ksat), m/s
	1.2 ∙ 10-5
	1.42 x 10-8
	1.1 x 10-4
	5.2 x10-5

	Diameter at passing 10% (mm)
	0.1
	0.002
	0.2
	0.1

	Diameter at passing 60% (mm)
	40
	0.05
	0.8
	40

	Liquid limit (%)
	25 to 45
	50
	
	

	Unit weight (kN/m3)
	20.5
	20
	18.5
	20.5

	Saturated water content (%)
	29.6
	36.8
	40.1
	29.6

	Internal angle of friction (degree)
	40
	28
	38
	40

	Cohesion (kPa)
	-
	15
	-
	-


[bookmark: _Toc97504885][bookmark: _Toc103544022]
[bookmark: _Toc104985347]Results and discussion
Both seepage and slope stability analyses were successfully executed. As previously mentioned, the investigation process is based on the different drawdown rates to investigate their influence on the stability of a heterogeneous embankment. Each investigated case started with seepage analysis followed by slope stability, whereby the seepage model acted as a parent to the slope stability model. Also, both steady-state and transient flow conditions were taken into consideration.
[bookmark: _Toc97504886][bookmark: _Toc103544023][bookmark: _Toc104985348]Seepage analysis
Generally, seepage flow within an embankment is the movement of water from the upstream side of the dam (where the reservoir is located) to the downstream side, crossing the dam body, preferably below the foundation. Due to the potential stability issues that can be associated, it is of significant importance to control seepage in earth-fill dams, especially during the design and construction phases of the dam. 
From Figure 5.46, it can be observed that, based on the material arrangements from the Aktobe dam, the modeling revealed that under long-term steady-state conditions, the seepage within the embankment is safely carried without crossing the downstream face of the embankment. Seepage flow via earth-fill embankments has been identified as the primary cause of failure due to causes such as eroding, scouring, and piping, according to the literature [295]. 
Moreover, it is also important to investigate the long-term steady-state seepage because when the reservoir is filled, immediately water starts seeping through the body of the embankment. Whereby, after a certain time, the seepages reach steady conditions, and a distinct phreatic line is generated; that means the embankment soil under the distinct phreatic line is relatively saturated and is under seepage pressure. According to Perri et al., [296] an increase in embankment pore water pressures, which is linked to the development of the long-term steady-state seepage condition, can also result in a decrease in effective stress in the soil, which leads to a reduction in the available effective strength of the soil.

[image: ]
[bookmark: _Ref98108170][bookmark: _Toc97428308][bookmark: _Toc98085984][bookmark: _Toc103544179][bookmark: _Toc104985505]Figure 5.46 – Steady-state seepage
From Figure 5.47, it can be observed that the seepage line heights keep on decreasing with the decrease in water levels in the reservoir. It is also important to be noted that the first seepage line indicates the initial water level in the reservoir. Then when the reservoir drawdown was simulated by instantaneously removing all the water, the water level was relatively sustained at the level of the toe of the slope, making more of the seepage lines to be concentrated at the embankment toe [297].
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[bookmark: _Ref98108217][bookmark: _Toc97428309][bookmark: _Toc98085985][bookmark: _Toc103544180][bookmark: _Toc104985506]Figure 5.47 – Instantaneous seepage
[bookmark: _Toc97504887][bookmark: _Toc103544024][bookmark: _Toc104985349]Slope stability analysis
· Normal operating water level
The evaluation of slope stability is mainly based on the factor of safety values. From Figure 5.48, it can be seen that the long-term steady-state factor of safety value is 1.784, which is highly acceptable in terms of slope stability.
According to the Geotechnical Design Manual of the Washington State Department of Transportation [298], it is recommended that for slope stability analysis of permanent cuts, fills, and landslide repairs, 1.25 is adopted as the minimum safety factor value. Furthermore, it is recommended that larger safety factors must be adopted in a case when there is a potential uncertainty in the analysis input parameters. Also, according to Jiri H. et al. [289], some other authorities recommend a minimum factor of safety of 1.5 for slope stability analysis of embankments.
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[bookmark: _Ref98108240][bookmark: _Toc97428310][bookmark: _Toc98085986][bookmark: _Toc103544181][bookmark: _Toc104985507]Figure 5.48 – Steady-state slope stability
When the embankment was subjected to the instantaneous, a minimum factor of safety of 1.164 was retrieved, whereby, based on the recommendation of some authorities, the obtained factor of safety is an indication of a potential failure. Also, from Figure 5.49(b) it can be observed that the lowest factor of safety value was obtained within the first day of the instantaneous drawdown; that means the potential failure is of immediate effect when the embankment is subjected to an instantaneous drawdown.
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[bookmark: _Ref98108416][bookmark: _Toc97428311][bookmark: _Toc98085987][bookmark: _Toc103544182][bookmark: _Toc104985508]Figure 5.49 – Instantaneous slope stability: a) embankment with slip surface; b) factor of safety values graph
Also, when the embankment was subjected to 5 days drawdown rate, a factor of safety of 1.372 was achieved, which is a bit higher than the instantaneous drawdown (equivalent to a 17.9% increase). However, with the fact that some other authorities recommend a minimum factor of safety of 1.5 to consider an embankment safe during loading, the 1.372 factor of safety value may also signify a potential failure. From Figure 5.50, it can be observed that the minimum factor of safety value is obtained within the fourth and fifth day of the drawdown.
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[bookmark: _Ref98108481][bookmark: _Toc97428312][bookmark: _Toc98085988][bookmark: _Toc103544183][bookmark: _Toc104985509]Figure 5.50 – Drawdown 5 days
Moreover, when the embankment body was subjected to 10 days drawdown rate, a minimum factor of safety of 1.433 was achieved, equivalent to a 4.4% increase from the 5 days drawdown rate and 23.1% from the instantaneous drawdown rate. From Figure 5.51, it can be observed that the minimum factor of safety value is obtained within the 9th day of the reservoir draining.
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[bookmark: _Ref98108521][bookmark: _Toc97428313][bookmark: _Toc98085989][bookmark: _Toc103544184][bookmark: _Toc104985510]Figure 5.51 – Drawdown 10 days
Another case that was taken into account in this study is the 1 m per day drawdown rate (Figure 5.52); whereby, when the embankment was subjected to the 1 m per day drawdown rate, a minimum factor of safety value of 1.486 was retrieved from computations. The factor of safety value is equivalent to a 3.7% increase from the 10 days drawdown rate and 8.3% from the 5 days drawdown rate, and 48.6% from the instantaneous drawdown.
Furthermore, in the literature, rapid reservoir draining has been noted to be among the critical factors in the stability of embankment slopes that were initially submerged from the upstream face. Therefore, the reduction process of water level leads to two main consequences; firstly, a decrease in terms of the external stabilizing hydrostatic pressure due to the unloading effect of removing water, and secondly, alteration of the internal pore water pressure [270].
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[bookmark: _Ref98108548][bookmark: _Toc97428314][bookmark: _Toc98085990][bookmark: _Toc103544185][bookmark: _Toc104985511]Figure 5.52 – Drawdown 1m per day
From Table 5.13, it can be observed that the minimum (min) factor of safety values were increasing with the decrease in drawdown rates. A similar phenomenon can be observed from the median, arithmetic mean (mean), and standard deviation (STD). However, the maximum (max) factor of safety values remained constant as they are determined by the long-term steady state.
As previously mentioned, the minimum factor of safety when the embankment was subjected to the instantaneous drawdown case was 1.164, while the same embankment was subjected to the 1 m per day drawdown rate, the minimum factor of safety was 1.49; which is equivalent to 48.6% % increase.
The minimum factor of safety is of interest in most cases because, in geotechnical engineering, for example, a factor of safety provides an overall picture of how much stronger a structure is than it needs to be for a specific type of loading; it is also expressed as the ratio of the structure's capacity to the appropriate demand [299,300]. Another key aspect to note is that these values are normally computed using detailed analysis due to the fact that comprehensive testing can be associated with feasibility issues on many engineering projects. However, the structure's ability to sustain potential loading conditions should be well checked in principle to resolute to a sensible accurateness. Moreover, well-designed with a sufficient value of factor of safety has the potential to increase the safety of people that in turn reduces the risk of failure of the particular structure [301–303].
[bookmark: _Ref98108586][bookmark: _Toc97077211][bookmark: _Toc103544268][bookmark: _Toc104985594]Table 5.13 – Summary of the factor of safety values from the investigated drawdown rates
	Drawdown type
	Steady-state
	The factor of safety value (minimum)

	Instantaneous
	1.781
	1.164

	Drawdown-5 days
	1.781
	1.372

	Drawdown-10 days
	1.781
	1.433

	Drawdown-1 m per day
	1.781
	1.486



In summary, the observed effects of the rapid drawdown loading conditions can be again linked to the fact that when the water in the reservoir is removed relatively fast, the sustaining water load from the embankment's upstream face, combined with changes in pore water pressure, causes an undrained unloading condition in which total stresses fall, causing shear stresses to rise within the embankment [304].
· Reduced operating water level
Figure 5.53 presents the results from the long-term steady state conditions and rapid drawdowns under reduced operating reservoir level. From the Figure 5.53, it can be observed that, a factor of safety value of 1.734 was retrieved from the long-term steady state conditions when the operating water level was reduced to almost half of the embankment. The retrieved factor of safety value is approximately 2.8% less than that was retrieved from the normal operating reservoir level.
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[bookmark: _Ref102336798][bookmark: _Toc103544186][bookmark: _Toc104985512]Figure 5.53 – Analysis results under reduced operating reservoir level: a) steady-state; b) instantaneous; c) 5 days; d) 10 days; e) 1 m per day

Figure 5.54 presents the results from different drawdown rates under reduced operating reservoir level. Generally, from the Figure 5.54 it can be seen that, the minimum factor of safety values are increasing with the decrease in the drawdown rate. For instance, a minimum factor of safety value of 1.298 was retrieved, 1.378 from the 5 days drawdown rate, 1.407 from 10 days drawdown rate, and 1.418 from 1 m per day.
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[bookmark: _Ref102337456][bookmark: _Toc103544187][bookmark: _Toc104985513]Figure 5.54 – Different drawdown rates under reduced operating level: a) instantaneous; b) 5 days drawdown; c) 10 days drawdown; d) 1 m per day drawdown

· Embankment height operating reservoir level
The results of the long-term steady-state under embankment height operational reservoir level are shown in Figure 5.55. When the operational water level was dropped to approximately half of the embankment, a factor of safety value of 1.984 was obtained from the long-term steady-state conditions, as shown in Figure 5.55. The retrieved factor of safety value is around 11.21% higher than the one obtained from the normal operational reservoir level. 
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[bookmark: _Ref102338887][bookmark: _Toc103544188][bookmark: _Toc104985514]Figure 5.55 Steady-state results under embankment height operating reservoir level: a) steady-state; b) instantaneous; c) 5 days; d) 10 days; e) 1 m per day
Figure 5.56 presents the slope stability analysis results from the different drawdown rates under embankment height reservoir operating level. Similarly, from the results it can be understood that, the minimum factor of safety values were increasing with the decrease in the drawdown rates. Whereby, from the instantaneous drawdown rate, a minimum factor of safety of 0.759 was retrieved which is an indication of a total failure. 
	[image: ]Hypothetical region after failure: Minimum FS = 0.76
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[bookmark: _Ref102340096][bookmark: _Toc103544189][bookmark: _Toc104985515]Figure 5.56 Results from different drawdown rates embankment height operating level; a) instantaneous; b) 5 days drawdown; c) 10 days drawdown; d) 1 m per day drawdown
[bookmark: _Toc103544025][bookmark: _Toc104985350]Analysis of variance (ANOVA)
It was also significantly important to investigate the significance levels of the differences in terms of factor of safety values under different operating levels. This was an important aspect for justifying further whether the investigated parameters had significant influence in the retrieved factor of safety values or not.
Table 5.14 presents the ANOVA results when different operating reservoir levels were subjected to the instantaneous drawdown rate. From Table 5.14 it can be seen that p-value of 1.36× 10−7 was retrieved which is less than alpha value of 0.05; signifying that the differences in factor of safety values from the investigated operating levels and instantaneous drawdown rate were statistically significant.
[bookmark: _Ref102341505][bookmark: _Toc103544269][bookmark: _Toc104985595]Table 5.14 ANOVA results from different operating reservoir levels under instantaneous drawdown rate
	ANOVA: Single Factor

	SUMMARY

	Groups
	Count
	Sum
	Average
	Variance

	Normal
	31
	53.4791
	1.725
	0.041

	Reduced
	31
	45.344
	1.463
	0.008

	Embankment
	31
	46.589
	1.503
	0.0495

	ANOVA

	Source of Variation
	SS
	df
	MS
	F
	P-value
	F crit

	Between Groups
	1.239
	2
	0.619
	18.946
	1.36× 10−7
	3.098

	Within Groups
	2.942
	90
	0.033
	
	
	

	Total
	4.181
	92
	 
	 
	 
	 


Table 5.15 presents the ANOVA results when different operating reservoir levels were subjected to the 5 days drawdown rate. From the 5 days drawdown rate, it can be observed that a p-value of 0.0127 was retrieved from the combination of 5 days drawdown rate and the different operating water levels. Furthermore, the obtained p-value is less than 0.05, indicating that the differences in factor of safety values between the investigated operating levels and instantaneous drawdown rate were statistically significant.
[bookmark: _Ref102342043][bookmark: _Toc103544270][bookmark: _Toc104985596]Table 5.15 ANOVA results from different operating reservoir levels under 5 days drawdown rate
	ANOVA: Single Factor

	SUMMARY

	Groups
	Count
	Sum
	Average
	Variance

	Normal
	31
	49.97246
	1.612015
	0.041934

	Reduced
	31
	45.67487
	1.473383
	0.007394

	Embankment
	31
	46.75203
	1.50813
	0.056109

	ANOVA

	Source of Variation
	SS
	df
	MS
	F
	P-value
	F crit

	Between Groups
	0.322588
	2
	0.161294
	4.589306
	0.0127
	3.097698

	Within Groups
	3.16311
	90
	0.035146
	
	
	

	Total
	3.485699
	92
	 
	 
	 
	 



Table 5.16 presents the ANOVA results when different operating reservoir levels were subjected to the 10 days drawdown rate. From the 10 days drawdown rate, it can be observed that a p-value of 0.0247 was retrieved from the combination of 10 days drawdown rate and the different operating water levels. Still, the obtained p-value is less than 0.05, indicating that the differences in factor of safety values between the investigated operating levels and instantaneous drawdown rate were statistically significant.
[bookmark: _Ref102342095][bookmark: _Toc103544271][bookmark: _Toc104985597]Table 5.16 ANOVA results from different operating reservoir levels under 10 days drawdown rate
	ANOVA: Single Factor

	SUMMARY

	Groups
	Count
	Sum
	Average
	Variance

	Normal
	31
	50.5886
	1.63189
	0.053649

	Reduced
	31
	46.0159
	1.484384
	0.007959

	Embankment
	31
	48.08922
	1.551265
	0.069913

	ANOVA

	Source of Variation
	SS
	df
	MS
	F
	P-value
	F crit

	Between Groups
	0.338228
	2
	0.169114
	3.857478
	0.0247
	3.097698

	Within Groups
	3.945646
	90
	0.043841
	
	
	

	Total
	4.283874
	92
	 
	 
	 
	 


Table 5.17 presents the ANOVA results when different operating reservoir levels were subjected to the 1 m per day drawdown rate. The combination of the 1 m per day days drawdown rate and the varying operating water levels yielded a p-value of 0.00268. Nonetheless, the p-value obtained was less than 0.05, indicating that the variations in factor of safety values between the tested operating levels and instantaneous drawdown rate were statistically significant.
[bookmark: _Ref102342130][bookmark: _Toc103544272][bookmark: _Toc104985598]Table 5.17 ANOVA results from different operating reservoir levels under 1 m per day drawdown rate
	ANOVA: Single Factor

	SUMMARY

	Groups
	Count
	Sum
	Average
	Variance

	Normal
	31
	52.44189
	1.691674
	0.076134

	Reduced
	31
	46.15626
	1.488911
	0.00794

	Embankment
	31
	55.3746
	1.786277
	0.254961

	ANOVA

	Source of Variation
	SS
	df
	MS
	F
	P-value
	F crit

	Between Groups
	1.431052
	2
	0.715526
	6.331431
	0.00268
	3.097698

	Within Groups
	10.17106
	90
	0.113012
	
	
	

	Total
	11.60211
	92
	 
	 
	 
	 



[bookmark: _Toc97504888][bookmark: _Toc103544026][bookmark: _Toc104985351]Summary of the sub-section
The influence of rapid drawdown loading conditions on the stability of the embankment dam has been investigated with the help of numerical modeling for the case of the Aktobe dam in Kazakhstan. From the investigation results, it was observed that when the embankment was subjected to the 1 m per day drawdown rate a minimum factor of safety value of 1.486 was retrieved from computations. The factor of safety value is equivalent to a 3.7% increase from the 10 days drawdown rate and 8.3% from the 5 days drawdown rate, and 48.6% from the instantaneous drawdown. However, some authorities recommend a minimum factor of safety of 1.5 for an embankment to be regarded as safe enough in terms of slope stability. The results in this study revealed further that even a heterogeneous dam supplied with a core in the embankment can be highly susceptible to failure when subjected to rapid drawdown loading conditions. To minimize potential collapse when the dam is in operation, it is critical to evaluate the reaction of an embankment dam when subjected to a rapid drawdown condition during the design phase of the embankment. 
[bookmark: _Toc97504889][bookmark: _Toc103544027][bookmark: _Toc104985352]Chardara dam in Kazakhstan
[bookmark: _Toc97504890][bookmark: _Toc103544028][bookmark: _Toc104985353]Materials and methods
[bookmark: _Toc97504891][bookmark: _Toc103544029][bookmark: _Toc104985354]General construction materials and properties
A silty sandy layer 1.5 m to 2.5 m deep underpins a layer of fine sands 12 m to 17 m thick in the flood plain river portion, where the embankment axis is located. The intake construction is built on siltstones, marly clay, sand, and sandstone with conglomerate as bedrock. The base of the Arnasay embankment is made up of a silty sand layer 8 to 10 meters deep, which is overlain by a clay layer 2 to 5 meters thick or a thick layer of fine silty sand. In these places, the groundwater table lies between 0.5 and 2 meters below the surface. The concrete is being attacked by sulfate in this water. The dam is situated in earthquake zone VI. The embankment and its buildings, on the other hand, were meant to be of intensity VII [305]. Some more general characteristics are presented in Table 5.18.
[bookmark: _Ref98108754][bookmark: _Toc97077212][bookmark: _Toc103544273][bookmark: _Toc104985599]Table 5.18 – General dimensions of the Chardara reservoir
	Parameter
	Unit
	Value

	Crest length
	m
	5300

	Crest level
	m.a.s.l.
	254.5

	Parapet level
	m.a.s.l.
	255.5

	Height of Embankment
	m
	28.5

	Crest width
	m
	12.6

	Upstream slope and downstream slopes
	Upper berm
	1:4

	
	Lower berm
	1:4.5


[bookmark: _Toc97504892]
[bookmark: _Toc103544030][bookmark: _Toc104985355]Materials and Properties of Construction
Table 5.19 lists the physical and mechanical qualities of the construction materials used in the design, as well as the material used in the embankment foundations.
[bookmark: _Ref98108788][bookmark: _Toc97077213][bookmark: _Toc103544274][bookmark: _Toc104985600]Table 5.19 – General materials and properties
	Material
	Dry density t/m3
	Strength parameters

	
	
	tan φ
	kg/cm2

	Foundations

	Clay
	1.5
	0.51
	0.15

	Silt
	1.5
	0.51
	0.03

	Sand
	1.6
	0.56
	0.158

	Construction material

	River Bed
	1.39
	0.547
	0.122

	Flood-plain area
	1.39
	0.544
	0.124

	Lacustrine area
	1.50
	0.536
	0.117



[bookmark: _Toc103544031][bookmark: _Toc104985356]Cases investigated
Table 5.20 presents the different cases investigated in this study. In general, four (4) different cases were investigated based on the reservoir operating level. It has to be noted that one of the significant effects of the land use/land cover and climatic changes in the catchments is the changes in the reservoirs operating levels. When the catchment becomes more impervious, the streams receives more surface runoff than the underground flow. In such a phenomenon, there is a higher chance that the catchment will receive highly varied flows (high flows and low flows) while increasing the risk of the reservoir being subjected to long-term reduced operating water levels and long-term increased operating water level.
[bookmark: _Ref98108817][bookmark: _Toc103544275][bookmark: _Toc104985601]Table 5.20 – Cases used in the investigation process
	Case number
	Name
	Description

	1
	Normal operating level
	Modeling is done based on the current reservoir operating level

	2
	Reduced operating level 
	Modeling done with the long-term water level at the half of the embankment height

	3
	Maximum operating level
	Modeling is done based on the embankment's maximum height

	4
	Maximum exceeded the operating level
	Modeling is done based on the overflowing reservoir level



[bookmark: _Toc103544032][bookmark: _Toc104985357]General modeling procedures
The embankment geometry (Figure 5.57) is divided into five zones, with zones 2a and 2b having material qualities that are similar. Each zone of the embankment was assigned distinct material properties, with zone 1 primarily consisting of coarse material mixed with fine materials (silt and clay fraction) under various saturated hydraulic conductivities (ksat) and liquid limits (wL) ranging from 25% to 45 %. Cohesive material, fine-grained material, and clay with varying ksat values characterize Zone 2. Zones 2a and 2b are distinguished by non-cohesive soil and filter material (sand and gravel), whereas Zone 4 is distinguished by coarse material with a low fines concentration. 
[image: ]
[bookmark: _Ref98108936][bookmark: _Toc97428316][bookmark: _Toc98085992][bookmark: _Toc103544190][bookmark: _Toc104985516]Figure 5.57 – Embankment geometry
The possible influence of a dam's quick drawdown on slope stability of an earth-fill embankment with soil parameters specified by hydraulic conductivity was investigated using finite element technique analysis. The steady-state, instantaneous drawdown, 5-days drawdown, 10-days drawdown, and 1m per day decline rate to half of the maximum water level was also tested. The transitory drawdown examples, on the other hand, are the study's main focus. The stability variables were evaluated at the end of the modeling procedure in the second instance, where it is assumed that water in the dam or reservoir is extracted instantly. Particular times of 5, 10, and 13 days were assigned to examples three, four, and five, respectively, to study how the stability parameters respond to the varying drawdown rates. The extreme situation or worst-case scenario is represented by the instantaneous case. The seepage tests were done at the same time as the stability tests.
The topic was investigated using a combination of GeoStudio sub-software SEEP/W [275] and SLOPE/W [276]. SEEP/W, which is based on FEM, was utilized for the seepage analysis in two-dimensional sections, while SLOPE/W was used for the embankment slope stability study based on slip surfaces, pore-water pressure, soil parameters, and loading conditions. Other parameters such as the geometry of the embankment were kept constant in all the drawdown instances while modifying the hydraulic conductivity values in zone 1 to capture the effect of the hydraulic conductivity values. In that situation, seepage analysis (both steady-state and transient) and slope stability analysis were used in tandem.
[bookmark: _Toc103544033][bookmark: _Toc104985358]Seepage analysis procedures
The simulation of a slope's drawdown behavior began with the establishment of a long-term steady-state utilizing Steady-state analysis. The established steady-state was then employed as a parent for the transient flow analysis, which utilized seepage-induced pore pressures from the previously completed steady-state study. As previously stated, the analysis included a variety of drawdown rates as well as isotropic hydraulic conductivity values. Throughout the transient seepage assessments, the variation in water level during the drawdown process was modeled using a linear function that was given as a boundary condition on the upstream face of the embankment. The slope stability assessments were utilized as parents to the transient seepage analyses. During the transient flow assessments, established flow parameters such as pore water pressures were used as key inputs to the stability analysis with SLOPE/W. 
[bookmark: _Toc103544034][bookmark: _Toc104985359]Slope stability analysis procedures
The slope stability analysis in this section of the study was likewise performed using the SLOPE/W sub-unit of the GeoStudio software, as previously mentioned. To do so, the Morgenstern–Price analysis approach was employed to establish a separate analysis for each of the slope stability studies under the general limit equilibrium (GLE). 
[bookmark: _Toc103544035][bookmark: _Toc104985360]General study approach
Unlike the normal approach of a dam design that focuses on the available current flow characteristics, the developed workflow in this study considers some of the factors that may affect the flow characteristics sooner or later. The combination of the Digital Elevation Model (DEM), Landsat images as well as soil data, offers an opportunity to comprehensively integrate the catchment characteristics in the process of stormwater runoff quantification. At the same time, the relationship between climate and precipitation offers an opportunity to integrate the climatic factors into the model. 
From Figure 5.58, it can be observed that the land use/land cover map is merged with the soil properties to form a land use-soil map which is then used for Curve Number computations. The developed Curve Number is an important input in the workflow (model) as the developed approach uses the SCS-Curve Number method for runoff quantification. Then from the quantified runoff, the dam capacity configuration and design of its associated structures such as retain wall, spillway as well as weir are achieved. 
Also, stability analysis according to the design load is an integral part of the developed workflow. Generally, through this approach, a dam is designed to be adaptable to the change in land surface characteristics and climatic conditions.


[bookmark: _Ref98108993][bookmark: _Toc97428317][bookmark: _Toc98085993][bookmark: _Toc103544191][bookmark: _Toc104985517]Figure 5.58 – General workflow
[bookmark: _Toc97504893][bookmark: _Toc103544036][bookmark: _Toc104985361]Results and discussion
In this section, the results retrieved from the seepage and slope stability analysis of the Chardara dam embankment are presented.
[bookmark: _Toc97504894][bookmark: _Toc103544037][bookmark: _Toc104985362]Seepage analysis
During impoundment and operation, all types of embankment fill dams are confronted with seepage bodies. As a result, seepage control is critical during the design phase to avoid uplift pressures, downstream slope instability, plumbing through the embankment and/or foundation, and probable suffusion and erosion processes.
[bookmark: _Toc103544038][bookmark: _Toc104985363]Steady-state
This is a condition in which the pressure at any location in the reservoir remains constant across time. Therefore, in this section, the steady-state seepage results are presented from the four different investigated cases based on reservoir operating levels.
· Normal operating level
Figure 5.59 presents the seepage results under steady-state flow conditions when the embankment was subjected to the normal operating reservoir level. It can be observed that the seepage line is safely carried away from the first zone to the downstream toe. It is important to note that the seepage line or saturation line, or phreatic line, is formed when water stands against an earth-fill embankment, whereby it is the point below which positive hydrostatic pressures exist. Moreover, Seepage forces, pore water pressures, and hydraulic gradients are all caused by seepage through the dam and foundation. If these stresses are not confined to permitted levels, piping and embankment sloughing or sliding can occur, resulting in dam failure [280].
[image: ]
[bookmark: _Ref98109015][bookmark: _Toc97428318][bookmark: _Toc98085994][bookmark: _Toc103544192][bookmark: _Toc104985518]Figure 5.59 – Steady-state seepage based on normal operating reservoir level
· Reduced reservoir operating level
Apart from the seepage analysis based on the current (normal) operating reservoir level, the embankment was also subjected to a long-term seepage analysis, with the reservoir level operating at approximately half of the embankment. Figure 5.60 shows the seepage results when the embankment was subjected to the reduced operating reservoir level under steady-state flow circumstances. From the Figure, it can also be observed that the embankment was also able to safely carry the seepage line to the downstream toe under the specified conditions.
[image: ]
[bookmark: _Ref98109035][bookmark: _Toc97428319][bookmark: _Toc98085995][bookmark: _Toc103544193][bookmark: _Toc104985519]Figure 5.60 – Steady-state seepage based on the reduced operating level
· Reservoir operating at embankment height
The embankment was also subjected to a long-term seepage analysis with the reservoir level operating at the maximum embankment height. The passage of seepage water below the phreatic line lowers the effective weight of the soil, lowering its shear strength as a result of increasing intergranular pressure in earth fill material [306]. Figure 5.61 depicts seepage outcomes under steady-state flow conditions when the embankment was subjected to the reservoir at the embankment height.
[image: ]
[bookmark: _Ref98109081][bookmark: _Toc97428320][bookmark: _Toc98085996][bookmark: _Toc103544194][bookmark: _Toc104985520]Figure 5.61 – Steady-state seepage under embankment height level
· Reservoir operating under overflow condition
With the reservoir level functioning at the overflow position, the embankment was also subjected to a long-term seepage analysis. Figure 5.62 shows seepage results when the embankment was exposed to the reservoir operating under steady-state overflow conditions. The long-term steady-state seepage line enters the embankment through the third zone in this case, skipping the first two zones.
[image: ]
[bookmark: _Ref98109099][bookmark: _Toc97428321][bookmark: _Toc98085997][bookmark: _Toc103544195][bookmark: _Toc104985521]Figure 5.62 – Steady-state seepage under overflow level
[bookmark: _Toc103544039][bookmark: _Toc104985364]Instantaneous drawdown
A zero-pressure head boundary condition at the toe of the upstream slope and a potential seepage face boundary condition down the upstream slope to the height of the original reservoir level were used to mimic the instantaneous drawdown.
· The normal operating reservoir level
The embankment was also subjected to an instantaneous drawdown seepage analysis while the reservoir was at the normal operating level. Figure 5.83 depicts seepage outcomes when the embankment was exposed to a reservoir that was running at instantaneous flow conditions and normal operating reservoir level. Even after the water in the reservoir has been completely drained, the pore-water pressures in the embankment remain quite high, as seen by the piezometric lines in Figure 5.63.
[image: ]
[bookmark: _Ref98109117][bookmark: _Toc97428322][bookmark: _Toc98085998][bookmark: _Toc103544196][bookmark: _Toc104985522]Figure 5.63 – Instantaneous drawdown seepage under normal operating reservoir level
· Reduced reservoir operating level
From the instantaneous drawdown rate, the water level in the reservoir was also reduced to approximately half of the embankment and analyzed in terms of seepage flow. Figure 5.64 displays seepage results when the embankment was exposed to a reservoir that was operating at a reduced operational reservoir level and instantaneous flow conditions. The embankment was able to securely transmit the seepage to the downstream toe despite the comparatively high pore-water pressures following the drawdown as determined by the phreatic lines.
[image: ]
[bookmark: _Ref98109125][bookmark: _Toc97428323][bookmark: _Toc98085999][bookmark: _Toc103544197][bookmark: _Toc104985523]Figure 5.64 – Instantaneous drawdown seepage under reduced reservoir operating level
· Reservoir operating at embankment height
The water level in the reservoir was likewise adjusted to match the embankment height and then examined in terms of seepage flow using the five (5) days drawdown rate. Figure 5.65 displays seepage results when the embankment was exposed to a reservoir that was operating at embankment height reservoir level and instantaneous flow condition. From Figure 5.65, it can be observed that there was a significant struggle of the embankment to dissipate the pore-water pressure after the drawdown, especially in the first zone of the embankment as depicted by the phreatic lines.
[image: ]
[bookmark: _Ref98109139][bookmark: _Toc97428324][bookmark: _Toc98086000][bookmark: _Toc103544198][bookmark: _Toc104985524]Figure 5.65 – Instantaneous drawdown seepage under embankment height operating level
· Reservoir operating under overflow condition
The reservoir's water level was raised to an overflow condition, and the seepage flow was measured using the instantaneous drawdown rate. Figure 5.66 depicts seepage outcomes when the embankment was exposed to a reservoir that was running at instantaneous flow conditions and overflow operating reservoir level. A similar phenomenon can be observed; whereby, Figure 5.66 shows that the embankment struggled to dissipate the pore-water pressure following the drawdown, particularly in the first zone as represented by the phreatic lines.
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[bookmark: _Ref98109179][bookmark: _Toc97428325][bookmark: _Toc98086001][bookmark: _Toc103544199][bookmark: _Toc104985525]Figure 5.66 – Instantaneous drawdown seepage under overflow condition
[bookmark: _Toc103544040][bookmark: _Toc104985365]Rapid drawdown five (5) days
In this part of the study, 5 days head function boundary condition was used to define the changing water level of the reservoir. This boundary condition was applied to the embankment's upstream slope to the point signifying the reservoir's highest level. To allow flow to exit the upstream side of the domain, the potential seepage face review option was also enabled.
· The normal operating reservoir level
While the reservoir was at the normal operating levels, five (5) days drawdown rate seepage analysis was performed on the embankment. When the embankment was exposed to the reservoir that was running under normal operating reservoir level and 5 days drawdown rate, seepage results are depicted in Figure 5.67. From Figure 5.67, it can be observed that the phreatic lines cross the first, second, and third zones of the embankment while safely carrying the seepage within the embankment to the downstream toe. Moreover, based on Figure 5.67, there was a significant struggle in terms of pore-water pressure dissipation after the reservoir drawdown within five (5) days.
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[bookmark: _Ref98109213][bookmark: _Toc97428326][bookmark: _Toc98086002][bookmark: _Toc103544200][bookmark: _Toc104985526]Figure 5.67 – Rapid drawdown (5 days) seepage under normal operating level
· Reduced reservoir operating level
Five (5) days drawdown rate seepage analysis was done on the embankment while the reservoir was at decreased operational levels (half of the embankment). Figure 5.68 shows the seepage results when the embankment was exposed to a reservoir with a reduced operational reservoir level and 5 days drawdown rate. Despite the relatively high pore-water pressures following the drawdown as measured by the phreatic lines, the embankment was able to securely convey the seepage to the downstream toe under the 5 days drawdown.
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[bookmark: _Ref98109267][bookmark: _Toc97428327][bookmark: _Toc98086003][bookmark: _Toc103544201][bookmark: _Toc104985527]Figure 5.68 – Rapid drawdown (5 days) seepage under reduced reservoir operating level
· Reservoir operating at embankment height
The reservoir's water level was also altered to match the embankment height, and the seepage flow was measured using the five (5) days drawdown rate. Figure 5.69 depicts the seepage results when the embankment was exposed to a reservoir with a 5 days drawdown rate and an embankment height operating reservoir level. Figure 5.69 shows that the embankment struggled to dissipate the pore-water pressure following the drawdown, particularly in the first zone, as represented by the phreatic lines. However, because the drawdown rate was reduced from instantaneous to 5 days, the pore-pressure dissipation process was improved, notably during the early days of the reservoir decline.
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[bookmark: _Ref98109284][bookmark: _Toc97428328][bookmark: _Toc98086004][bookmark: _Toc103544202][bookmark: _Toc104985528]Figure 5.69 – Rapid drawdown (5 days) seepage under embankment height reservoir operating level
· Reservoir operating under overflow condition
The reservoir's water level was raised until it overflowed, and the seepage flow was computed using a five-day drawdown rate. Figure 5.70  shows the seepage results when the embankment was exposed to a reservoir with 5 days drawdown rate and overflow operating reservoir level. Figure 5.70 depicts a similar phenomenon, in which the embankment struggled to disperse pore-water pressure following the drawdown, particularly in the first zone, as depicted by the phreatic lines.
[image: ]
[bookmark: _Ref98109297][bookmark: _Toc97428329][bookmark: _Toc98086005][bookmark: _Toc103544203][bookmark: _Toc104985529]Figure 5.70 – Rapid drawdown (5 days) seepage under overflow reservoir operating level
[bookmark: _Toc103544041][bookmark: _Toc104985366]Rapid drawdown (10 days)
A head function boundary condition of 10 days was employed to determine the changing water level of the reservoir in this section of the study. This boundary condition was applied to the upstream slope of the embankment to the point when the reservoir's greatest level was reached. The prospective seepage face review option was also activated to allow flow to depart the upstream side of the domain.
· The normal operating reservoir level
Moreover, on the embankment, a ten (10) day drawdown rate seepage analysis was done when the reservoir was at normal operating levels. The seepage results when the embankment was exposed to a reservoir with a 10 days drawdown rate and normal operating reservoir level are shown in Figure 5.71. The phreatic lines cross the first, second, and third zones of the embankment while safely transporting the seepage within the embankment to the downstream toe, as shown in Figure 5.71. Furthermore, the figure shows that there was a substantial struggle in terms of pore-water pressure dissipation when the reservoir was drawdown in ten (10) days. In this case, it can also be observed that the struggle in terms of pore-water pressure dissipation was experienced in all the first three zones.
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[bookmark: _Ref98109324][bookmark: _Toc97428330][bookmark: _Toc98086006][bookmark: _Toc103544204][bookmark: _Toc104985530]Figure 5.71 – Rapid drawdown (10 days) seepage under normal operating level
· Reduced reservoir operating level
While the reservoir was at reduced operational levels, ten (10) days drawdown rate seepage analysis was performed on the embankment (half of the embankment). Figure 5.72 depicts the seepage results after the embankment was exposed to a reservoir with a 10 days drawdown rate and reduced operational reservoir level. A similar phenomenon is observed (as for 5 days drawdown rate) in the sense that, despite relatively high pore-water pressures as determined by the phreatic lines following the drawdown, the embankment was able to securely transmit the seepage to the downstream toe under the ten (10) days drawdown.
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[bookmark: _Ref98109341][bookmark: _Toc97428331][bookmark: _Toc98086007][bookmark: _Toc103544205][bookmark: _Toc104985531]Figure 5.72 – Rapid drawdown (10 days) seepage under reduced reservoir operating level
· Reservoir operating at embankment height
The reservoir's water level was also changed to match the embankment's height, and the seepage flow was computed using a ten-day decline rate. Figure 5.73 shows seepage after the embankment was exposed to a reservoir with 10 days drawdown rate and embankment height operating reservoir level. Based on the phreatic lines, we can understand that the dissipation of pore-water pressures from the third zone of the embankment was much easier than that of the first zone. The phenomenon is thought to be linked to changes in permeability rates between embankment zones.
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[bookmark: _Ref98109361][bookmark: _Toc97428332][bookmark: _Toc98086008][bookmark: _Toc103544206][bookmark: _Toc104985532]Figure 5.73 – Rapid drawdown (10 days) seepage under embankment height reservoir operating level
· Reservoir operating under overflow condition
Furthermore, the reservoir's water level was raised until it overflowed, and the seepage flow was computed using a ten (10) day decline rate. Figure 5.74 shows seepage after the embankment was exposed to a reservoir with a 10 days drawdown rate and overflow operating reservoir level. Figure 5.74 displays a similar phenomenon in which the embankment struggled to disperse pore-water pressure following the drawdown, especially in the first zone, with some improvements in the third zone as depicted by the phreatic lines.
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[bookmark: _Ref98109381][bookmark: _Toc97428333][bookmark: _Toc98086009][bookmark: _Toc103544207][bookmark: _Toc104985533]Figure 5.74 – Rapid drawdown (10 days) seepage under overflow reservoir operating level
[bookmark: _Toc103544042][bookmark: _Toc104985367]Rapid drawdown (1 m per day) 
In this section of the study, a 1 m per day head function boundary condition was used to determine the changing water level of the reservoir. This boundary condition was applied to the embankment's upstream slope until the reservoir's maximum level was attained. To allow flow to leave the upstream side of the domain, the potential seepage face review option was also enabled.
· The normal operating reservoir level
The first case under the 1 m per day drawdown rate was to subject the embankment to a normal operating reservoir level. Figure 5.75 depicts the seepage results when the embankment was exposed to a reservoir with a 1 m per day drawdown rate and the normal operational reservoir level. As illustrated in Figure 5.75, the phreatic lines cross the first, second, and third zones of the embankment, safely delivering seepage within the embankment to the downstream toe. Furthermore, the figure demonstrates that when the reservoir was drained using a 1 m per day drawdown rate, there was a significant struggle in terms of pore-water pressure dissipation. In this scenario, it's also worth noting that the first three zones all struggled with pore-water pressure dissipation as observed from instantaneous, five (5), ten (10) days drawdown rates.
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[bookmark: _Ref98109424][bookmark: _Toc97428334][bookmark: _Toc98086010][bookmark: _Toc103544208][bookmark: _Toc104985534]Figure 5.75 – Rapid drawdown (1 m per day) seepage under normal operating level
· Reduced reservoir operating level
The second case under the 1 m per day drawdown rate was to subject the embankment to a reduced operating reservoir level. Figure 5.76 depicts the seepage results after the embankment was exposed to a reservoir with a 1 m per day drawdown rate and reduced operational reservoir level. Under the 1 m per day drawdown, the embankment was able to securely convey the seepage to the downstream toe despite relatively high pore-water pressures as indicated by the phreatic lines following the drawdown (as for the instantaneous, 5 days, and 10 days drawdown rates).
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[bookmark: _Ref98109490][bookmark: _Toc97428335][bookmark: _Toc98086011][bookmark: _Toc103544209][bookmark: _Toc104985535]Figure 5.76 – Rapid drawdown (1 m per day) seepage under reduced reservoir operating level
· Reservoir operating at embankment height
The third case under the 1 m per day drawdown rate was to subject the embankment to an operating reservoir level similar to the embankment height. Figure 5.77 shows seepage after the embankment was exposed to a reservoir with a 1 m per day drawdown rate and embankment height operating reservoir level. As observed from the 1o days drawdown rate, the dissipation of pore-water pressures from the third zone of the embankment was easier than that of the first zone, based on the phreatic lines; whereby, this phenomenon is once again thought to be linked to changes in permeability rates between embankment zones.
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[bookmark: _Ref98109516][bookmark: _Toc97428336][bookmark: _Toc98086012][bookmark: _Toc103544210][bookmark: _Toc104985536]Figure 5.77 – Rapid drawdown (1m per day) seepage under embankment height reservoir operating level
· Reservoir operating under overflow condition
The fourth case under the 1 m per day drawdown rate was to subject the embankment to an overflow operating reservoir level. Figure 5.78 shows seepage after the embankment was exposed to a reservoir with a 1 m per day drawdown rate and overflow operating reservoir level. The embankment did not have enough time to disperse pore-water pressures from the embankment following the drawdown, as can be seen in the picture.
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[bookmark: _Ref98109548][bookmark: _Toc97428337][bookmark: _Toc98086013][bookmark: _Toc103544211][bookmark: _Toc104985537]Figure 5.78 – Rapid drawdown (1 m per day) seepage under overflow reservoir operating level
[bookmark: _Toc97504895][bookmark: _Toc103544043][bookmark: _Toc104985368]Slope stability
In this part of the study, different aspects of slope stability are investigated based on the operating reservoir levels. It is also worth noting that slope stability can be termed as the inclined slope's capacity to resist its weight as well as external forces without shifting. To maintain slope stability, soil/rock mechanics, geotechnical engineering, and engineering geology principles are applied. The creation of complex constitutive models, awareness of laboratory and in-situ testing constraints, and the development of new equipment techniques to assess the slope's response have all emerged from slope behavior case studies. When the slope's stability conditions are not met, the slope's soil or rock mass may experience gradual or catastrophic downhill movement. A landslide can be triggered by an earthquake, heavy rains that exceed pore water pressure or deterioration of the ground's mechanical properties. Slope failures wreak havoc on human infrastructure each year, resulting in a wave of casualties.
[bookmark: _Toc103544044][bookmark: _Toc104985369]Steady-state
In this part of the study, the embankment slope stability analysis was carried out under long-term steady-state conditions at different operating levels of the reservoir (normal or current level, reduced level, embankment height level, as well as the overflow level).
· The normal operating reservoir level
Based on the steady-state condition slope stability analysis, the first case was to subject the reservoir to a normal operating level and investigate the retrieved factor of safety values. Figure 5.79 shows slope stability results after the embankment was exposed to a long-term steady-state and normal operating reservoir level. From Figure 5.79, it can be observed that a factor of safety value of 3.576 was achieved. The retrieved factor of safety value suggests that under steady-state and normal water level operating conditions, the embankment is relatively safe from potential slope failure. This judgment is based on the fact that many guidelines would recommend 1.5 as a minimum factor of safety value to ensure that the embankment is safe from potential failure.
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[bookmark: _Ref98109569][bookmark: _Toc97428338][bookmark: _Toc98086014][bookmark: _Toc103544212][bookmark: _Toc104985538]Figure 5.79 – Steady-state slope stability under normal operating reservoir level
· Reduced reservoir operating level
Another important slope stability case investigated in the study was when the reservoir's long-term water level has reduced to half of the embankment. After the embankment was exposed to a long-term steady-state and reduced operating reservoir level, the slope stability results are shown in Figure 5.80. From Figure 5.80, we can see that the 3.259 factor of safety value was achieved from the combination of reduced water level and long-term steady-state operating conditions. The retrieved factor of safety from reduced water level is approximately 8.9% less than that was achieved from the normal operating water level. These results reveal further that when reservoir long-term water level reduces, then the long-term factor of safety value under long-term steady-state conditions also reduces.
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[bookmark: _Ref98109643][bookmark: _Toc97428339][bookmark: _Toc98086015][bookmark: _Toc103544213][bookmark: _Toc104985539]Figure 5.80 – Steady-state slope stability under reduced reservoir operation level
· Reservoir operating at embankment height
Then the reservoir water level was increased to match the embankment height and investigate the state of slope stability under the long-term steady-state scenario. After the embankment was exposed to a long-term steady-state and embankment height operational reservoir level, the slope stability results are shown in Figure 5.81. From Figure 5.81, we can see that a 3.369 factor of safety value was retrieved from the long-term steady-state conditions. The retrieved factor of safety value is equivalent to 5.8% less than the 3.576 retrieved from the normal operating reservoir level.
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[bookmark: _Ref98109671][bookmark: _Toc97428340][bookmark: _Toc98086016][bookmark: _Toc103544214][bookmark: _Toc104985540]Figure 5.81 – Steady-state slope stability under embankment height reservoir level
· Reservoir operating under overflow condition
The reservoir water level was then adjusted to an overflow level, and the state of slope stability was investigated in a long-term steady-state condition. After the embankment was exposed to a long-term steady-state and overflow operational reservoir level, the slope stability results are shown in Figure 5.82. Figure 5.82 shows that the long-term steady-state conditions yielded a factor of safety value of 3.369. The calculated factor of safety value is 5.8% lower than the 3.576 calculated from the usual operational reservoir level.
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[bookmark: _Ref98109711][bookmark: _Toc97428341][bookmark: _Toc98086017][bookmark: _Toc103544215][bookmark: _Toc104985541]Figure 5.82 – Steady-state slope stability under overflow reservoir level
[bookmark: _Toc103544045][bookmark: _Toc104985370]Instantaneous drawdown
After the slope stability analysis under the steady-state condition, the embankment was subjected to rapid drawdown loading conditions, including the instantaneous drawdown case under different reservoir operating levels.
· The normal operating reservoir level
After the embankment was exposed to an instantaneous drawdown rate and normal operational reservoir level, the slope stability findings are shown in Figure 5.83. It can be observed that a minimum factor of safety value of 0.979 was retrieved from the combination of instantaneous drawdown and normal operating reservoir level. From the minimum factor of safety value, it is definitely that the embankment fails after the drawdown. As previously mentioned, a minimum factor of safety value of 1.5 is always recommended to ensure the embankment is safe enough from potential failure.
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[bookmark: _Ref98109737][bookmark: _Toc97428342][bookmark: _Toc98086018][bookmark: _Toc103544216][bookmark: _Toc104985542]Figure 5.83 – Instantaneous slope stability under normal operating reservoir level: a) embankment with slip surface; b) graph of factor of safety values
· Reduced reservoir operating level
The slope stability results are displayed in Figure 5.84 after the embankment was exposed to an instantaneous drawdown rate and reduced operational reservoir level. The instantaneous drawdown rate from the lowered operational water level resulted in a minimal factor of safety value of 2.318, which is roughly 28.9% lower than the 3.259 factor of safety value obtained from the combination of steady-state condition and reduced reservoir water operating level. The phenomenon proves further that there is a significant relationship between the loading condition and the state of slope stability of an embankment.
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[bookmark: _Ref98109761][bookmark: _Toc97428343][bookmark: _Toc98086019][bookmark: _Toc103544217][bookmark: _Toc104985543]Figure 5.84 – Instantaneous slope stability under reduced reservoir operating level: a) embankment with slip surface; b) graph of factor of safety values

· Reservoir operating at embankment height
Figure 5.85 shows slope stability results after the embankment was exposed to an instantaneous drawdown rate and embankment height operating reservoir level. The combination of instantaneous drawdown and operating reservoir level embankment height generated a minimal factor of safety value of 0.612, as can be observed. Based on the minimum factor of safety value, the embankment will surely fall fully after the drawdown. Furthermore, because a minimum factor of safety of 1.5 is always recommended to ensure that an embankment is safe against future failure, the returned minimal factor of safety is a symptom of total failure.
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[bookmark: _Ref98109778][bookmark: _Toc97428344][bookmark: _Toc98086020][bookmark: _Toc103544218][bookmark: _Toc104985544]Figure 5.85 – Instantaneous slope stability under embankment height operating level: a) embankment with slip surface; b) graph of factor of safety values
· Reservoir operating under overflow condition
Figure 5.86 shows slope stability results after the embankment was exposed to an instantaneous drawdown rate and overflow operating reservoir level. The combination of instantaneous drawdown and reservoir operating under overflow conditions generated a minimal factor of safety value of 0.56, as can be observed. Based on the minimum factor of safety value, the embankment will surely fall fully after the drawdown. Furthermore, because a minimum factor of safety of 1.5 is always recommended to ensure that an embankment is safe against probable failure, the retrieved minimal factor of safety is a signal of total failure; whereby it is 8.5% less than the minimum factor of safety obtained from the reservoir operating at the embankment height.
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[bookmark: _Ref98109797][bookmark: _Toc97428345][bookmark: _Toc98086021][bookmark: _Toc103544219][bookmark: _Toc104985545]Figure 5.86 – Instantaneous slope stability under overflow level: a) embankment with slip surface; b) graph of factor of safety values
[bookmark: _Toc103544046][bookmark: _Toc104985371]Rapid drawdown (5 days)
Moreover, the embankment was subjected to a five (5) days drawdown rate which is a slight reduction of drawdown compared to the instantaneous one. Also, the analysis of slope stability under five (5) days' drawdown was then subjected to different water levels.
· The normal operating reservoir level
Figure 5.87 shows slope stability results after the embankment was exposed to 5 days drawdown rate and normal operating reservoir level. The combination of a five (5) day drawdown rate and the usual operational reservoir level resulted in a minimal factor of safety value of 1.876, as shown in the figure. The factor of safety value recovered from the 5 days rapid drawdown rate under normal operating reservoir level is around 47.54 % lower than the factor of safety value obtained from the long-term steady-state condition under normal operating reservoir level.
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[bookmark: _Ref98109819][bookmark: _Toc97428346][bookmark: _Toc98086022][bookmark: _Toc103544220][bookmark: _Toc104985546]Figure 5.87 – Rapid drawdown (5 days) slope stability under normal operating reservoir level: a) embankment with slip surface; b) graph of factor of safety values
· Reduced reservoir operating level
Figure 5.88 shows slope stability results after the embankment was exposed to 5 days drawdown rate and reduced operating reservoir level. The minimum factor of safety value obtained from the combination of five (5) days drawdown rate and reduced reservoir water operating level was 2.497, which is roughly 23.4% lower than the 3.259 factor of safety value obtained from the combination of steady-state condition and reduced reservoir water operating level. The phenomena further demonstrate that there is a link between the loading situation and the state of an embankment's slope stability.
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[bookmark: _Ref98109845][bookmark: _Toc97428347][bookmark: _Toc98086023][bookmark: _Toc103544221][bookmark: _Toc104985547]Figure 5.88 – Rapid drawdown (5 days) slope stability under reduced reservoir operating level: a) embankment with slip surface; b) graph of factor of safety values
· Reservoir operating at embankment height
Figure 5.89 shows slope stability results after the embankment was exposed to 5 days drawdown rate and embankment height operating reservoir level. The combination of a five (5) days drawdown rate and embankment height operating reservoir level generated a minimal factor of safety value of 0.129, as can be observed. Based on the minimum factor of safety value, the embankment will surely fall fully after the drawdown. Furthermore, because a minimum factor of safety of 1.5 is always recommended to ensure that an embankment is safe against probable failure, the retrieved minimal factor of safety is a signal of total failure.
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[bookmark: _Ref98109858][bookmark: _Toc97428348][bookmark: _Toc98086024][bookmark: _Toc103544222][bookmark: _Toc104985548]Figure 5.89 – Rapid drawdown (5 days) slope stability at embankment height: a) embankment with slip surface; b) graph of factor of safety values
· Reservoir operating under overflow condition
Figure 5.90 shows slope stability results after the embankment was exposed to 5 days drawdown rate and overflow operating reservoir level. The minimum factor of safety value obtained from a combination of five (5) days drawdown rate and overflow water operating level was 1.536, which was 54.4% lower than the 3.369 factor of safety value obtained from a combination of steady-state condition and overflow reservoir water operating level.
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[bookmark: _Ref98109869][bookmark: _Toc97428349][bookmark: _Toc98086025][bookmark: _Toc103544223][bookmark: _Toc104985549]Figure 5.90 – Rapid drawdown (5 days) slope stability at the overflow: a) embankment with slip surface; b) graph of factor of safety values
[bookmark: _Toc103544047][bookmark: _Toc104985372]Rapid drawdown (10 days)
Furthermore, the embankment was subjected to 10 days drawdown rate, which is a modest drop from the instantaneous and 5 days drawdown rates. The slope stability analysis was also conducted to varying water levels under 10 days drawdown rate.
· The normal operating reservoir level
Figure 5.91 shows slope stability results after the embankment was exposed to 10 days drawdown rate and normal operating reservoir level. The combination of ten (10) days' drawdown rate and the usual operational reservoir level resulted in a minimal factor of safety value of 1.986, as shown in the Figure. The factor of safety value recovered from the 10 days rapid drawdown at the normal operational reservoir level is around 44.5% less than the factor of safety value recovered from the long-term steady-state condition at the normal operating reservoir level.
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[bookmark: _Ref98109882][bookmark: _Toc97428350][bookmark: _Toc98086026][bookmark: _Toc103544224][bookmark: _Toc104985550]Figure 5.91 – Rapid drawdown (10 days) slope stability normal operating level: a) embankment with slip surface; b) graph of factor of safety values
· Reduced reservoir operating level
Figure 5.92 shows slope stability results after the embankment was exposed to 10 days drawdown rate and reduced operating reservoir level. The minimum factor of safety value obtained from the combination of 10 days drawdown rate and reduced reservoir water operating level was 2.497, which is approximately 23.4% less than the 3.259 factor of safety value obtained from the combination of steady-state condition and reduced reservoir water operating level. The phenomenon also shows that there is a link between the loading situation and the slope stability of an embankment.
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[bookmark: _Ref98109890][bookmark: _Toc97428351][bookmark: _Toc98086027][bookmark: _Toc103544225][bookmark: _Toc104985551]Figure 5.92 – Rapid drawdown (10 days) slope stability under reduced reservoir operating level: a) embankment with slip surface; b) graph of factor of safety values
· Reservoir operating at embankment height
Figure 5.93 shows slope stability results after the embankment was exposed to 10 days drawdown rate and embankment height operating reservoir level. As can be seen, the combination of ten (10) days' drawdown rate and the operating reservoir level at embankment height resulted in a minimal factor of safety value of 1.881. The minimum factor of safety value obtained is approximately 44.2% less than the 3.369 factor of safety value obtained from the combination of steady-state condition and reservoir operating at embankment height. The phenomenon also shows that there is a link between the loading situation and the slope stability of an embankment.
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[bookmark: _Ref98109900][bookmark: _Toc97428352][bookmark: _Toc98086028][bookmark: _Toc103544226][bookmark: _Toc104985552]Figure 5.93 – Rapid drawdown (10 days) slope stability at embankment height: a) embankment with slip surface; b) graph of factor of safety values
· Reservoir operating under overflow condition
Figure 5.94 shows slope stability results after the embankment was exposed to 10 days drawdown rate and overflow operating reservoir level. The minimum factor of safety value obtained from the combination of ten (10) days drawdown rate and overflow water operating level was 1.878, which is approximately 44.3% lower than the 3.369 factor of safety value obtained from the combination of steady-state condition and overflow reservoir water operating level.
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[bookmark: _Ref98109910][bookmark: _Toc97428353][bookmark: _Toc98086029][bookmark: _Toc103544227][bookmark: _Toc104985553]Figure 5.94 – Rapid drawdown (10 days) slope stability at the overflow: a) embankment with slip surface; b) graph of factor of safety values
[bookmark: _Toc103544048][bookmark: _Toc104985373]Rapid drawdown (1 m per day)
The embankment was also subjected to a 1 m per day drawdown rate, which is a slight reduction from the instantaneous, 5 days and 10 days drawdown rates. Under a 1 m per day drawdown rate, the slope stability study was also performed at various water levels.
· The normal operating reservoir level
Figure 5.95 shows slope stability results after the embankment was exposed to a 1 m per day drawdown rate and normal operating reservoir level. The lowest factor of safety value of 2.221 was obtained by combining a 1 m per day drawdown rate with the normal operational reservoir level, as shown in the Figure. The factor of safety value recovered from the 1 m per day rapid drawdown at the normal operational reservoir level is approximately 37.9% lower than the factor of safety value recovered from the long-term steady-state condition at the normal operational reservoir level.
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[bookmark: _Ref98109928][bookmark: _Toc97428354][bookmark: _Toc98086030][bookmark: _Toc103544228][bookmark: _Toc104985554]Figure 5.95 – Rapid drawdown (1 m per day) slope stability normal operating level: a) embankment with slip surface; b) graph of factor of safety values
· Reduced reservoir operating level
Figure 5.96 shows slope stability results after the embankment was exposed to a 1 m per day drawdown rate and reduced operating reservoir level. The lowest factor of safety value obtained from the combination of 1 m per day drawdown rate and reduced reservoir water operating level was 2.5, which is about 23.3% less than the 3.259 factor of safety value obtained from the combination of steady-state condition and reduced reservoir water operating level. 
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[bookmark: _Ref98110107][bookmark: _Toc97428355][bookmark: _Toc98086031][bookmark: _Toc103544229][bookmark: _Toc104985555]Figure 5.96 – Rapid drawdown (1 m per day) slope stability under reduced reservoir operating level: a) embankment with slip surface; b) graph of factor of safety values
· Reservoir operating at embankment height
Figure 5.97 shows slope stability results after the embankment was exposed to a 1 m per day drawdown rate and embankment height operating reservoir level. The combination of 1 m per day drawdown rate and operational reservoir level at embankment height resulted in a minimal factor of safety value of 2.133, as can be shown. The minimum factor of safety value obtained is approximately 36.7% less than the 3.369 factor of safety value obtained from the combination of steady-state condition and reservoir operating at embankment height obtained from the combination of steady-state condition and reservoir operating at embankment height.
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[bookmark: _Ref98110131][bookmark: _Toc97428356][bookmark: _Toc98086032][bookmark: _Toc103544230][bookmark: _Toc104985556]Figure 5.97 – Rapid drawdown (1 m per day) slope stability at embankment height: a) embankment with slip surface; b) graph of factor of safety values
· Reservoir operating under overflow condition
Figure 5.98 shows slope stability results after the embankment was exposed to a 1 m per day drawdown rate and overflow operating reservoir level. The minimum factor of safety value obtained from a combination of 1 m per day drawdown rate and overflow water operating level was 2.09, which was 38% lower than the 3.369 factor of safety value obtained from a combination of steady-state condition and reduced reservoir water operating level.
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[bookmark: _Ref98110239][bookmark: _Toc97428357][bookmark: _Toc98086033][bookmark: _Toc103544231][bookmark: _Toc104985557]Figure 5.98 – Rapid drawdown (1 m per day) slope stability at the overflow: a) embankment with slip surface; b) graph of factor of safety values
[bookmark: _Toc103544049][bookmark: _Toc104985374]Correlation analysis
Four slope stability variables were used in the correlation study (drawdown days, minimum factor of safety values, and pore-water pressures). Table 5.21 shows that there was a strong correlation among the components studied, with correlation values ranging from 0.794 to 0.997. The minimum factor of safety values and pore-water pressures have the strongest correlation of -0.997; this occurrence can be attributed to the fact that the degree of pore-water pressure dissipation within the embankment has a significant impact on embankment stability. The phenomenon is reinforced by some results observed in the literature; whereby, according to the study conducted by Mukhlisin and Naam [307], it was observed that the slope might become less stable when the pore water pressure rises. The negative correlation is an indication that when the other factors were increasing, the pore-water pressures in the embankment were decreasing and vice versa.
[bookmark: _Ref100864595][bookmark: _Toc103544276][bookmark: _Toc104985602]Table 5.21 Correlation coefficients among different slope stability factors
	 
	Drawdown days
	Minimum FS
	Pore-water pressures

	Drawdown days
	1
	
	

	Minimum FS
	0.794
	1
	

	Pore-water pressures
	-0.807
	-0.997
	1


FS = factor of safety
[bookmark: _Toc103544050][bookmark: _Toc104985375]Analysis of variance (ANOVA)
A single-factor ANOVA with an alpha value of 0.05 was performed on the investigated operational water levels under instantaneous drawdown rate; the findings of the ANOVA are summarized in Table 5.22. The factor of safety values based on the investigated operational water levels generated a p-value of 6.81× 10−13, as shown in the table. The resulting p-value (alpha value) is less than 0.05, showing the statistical significance of the differences. This was an important component of the research since it allowed the researcher to assess if the differences in factor of safety values throughout the operational water levels studied were substantial [308].
[bookmark: _Ref100864610][bookmark: _Toc103544277][bookmark: _Toc104985603]Table 5.22 Summary of ANOVA results from instantaneous drawdown
	ANOVA: Single Factor

	SUMMARY

	Groups
	Count
	Sum
	Average
	Variance

	NORL
	31
	62.513
	2.017
	0.123

	MORL- EH
	31
	60.708
	1.958
	0.144

	MORL-OF
	31
	60.576
	1.954
	0.149

	RORL
	31
	79.869
	2.576
	0.023

	ANOVA

	Source of Variation
	SS
	df
	MS
	F
	P-value
	F crit

	Between Groups
	8.448
	3
	2.816
	25.654
	6.81× 10−13
	2.680

	Within Groups
	13.173
	120
	0.1098
	
	
	

	Total
	21.621
	123
	 
	 
	 
	 


Also, a single-factor ANOVA with an alpha value of 0.05 was performed on the investigated operating water levels under a 5-day drawdown rate; the findings of the ANOVA are summarized in Table 5.23. The factor of safety values based on the investigated operational water levels generated a p-value of 6.56× 10−14, as shown in the table. The resulting p-value (alpha value) is less than 0.05, showing the statistical significance of the differences.
[bookmark: _Ref100864624][bookmark: _Toc103544278][bookmark: _Toc104985604]Table 5.23 Summary of ANOVA results from 5 days drawdown 
	ANOVA: Single Factor

	SUMMARY

	Groups
	Count
	Sum
	Average
	Variance

	NORL
	31
	64.305
	2.074
	0.086

	MORL- EH
	31
	74.388
	2.4
	0.156

	MORL-OF
	31
	62.149
	2.005
	0.080

	RORL
	31
	80.894
	2.609
	0.029

	ANOVA

	Source of Variation
	SS
	df
	MS
	F
	P-value
	F crit

	Between Groups
	7.4598
	3
	2.487
	28.298
	6.56× 10−14
	2.680

	Within Groups
	10.545
	120
	0.0879
	
	
	

	Total
	18.005
	123
	 
	 
	 
	 


In addition, the analyzed operating water levels were subjected to a single-factor ANOVA with an alpha value of 0.05 and a 10 days drawdown rate; the results of the ANOVA are described in Table 5.24. The factor of safety values based on the investigated operational water levels generated a p-value of 1.06× 10−10, as shown in the table. The resulting p-value (alpha value) is less than 0.05, showing the statistical significance of the differences. 
[bookmark: _Ref100864639][bookmark: _Toc103544279][bookmark: _Toc104985605]Table 5.24  Summary of ANOVA results from 10 days drawdown
	ANOVA: Single Factor

	SUMMARY

	Groups
	Count
	Sum
	Average
	Variance

	NORL
	31
	67.217
	2.168
	0.121

	MORL- EH
	31
	64.373
	2.077
	0.101

	MORL-OF
	31
	64.376
	2.077
	0.103

	RORL
	31
	80.117
	2.584
	0.034

	ANOVA

	Source of Variation
	SS
	df
	MS
	F
	P-value
	F crit

	Between Groups
	5.469
	3
	1.823
	20.285
	1.06× 10−10
	2.680

	Within Groups
	10.785
	120
	0.0899
	
	
	

	Total
	16.255
	123
	 
	 
	 
	 


Moreover, the examined operating water levels were submitted to a single-factor ANOVA with an alpha value of 0.05 and a 1 m per day drawdown rate; the ANOVA findings are shown in Table 5.25. As indicated in the table, the factor of safety values based on the investigated operational water levels gave a p-value of 0.309. The resulting p-value (alpha value) is higher than 0.05, indicating that the differences were not statistically significant.
[bookmark: _Ref100864661][bookmark: _Toc103544280][bookmark: _Toc104985606]Table 5.25 Summary of ANOVA results from 1 m per day drawdown 
	ANOVA: Single Factor

	SUMMARY

	Groups
	Count
	Sum
	Average
	Variance

	NORL
	31
	78.839
	2.543
	0.228

	MORL- EH
	31
	76.693
	2.474
	0.187

	MORL-OF
	31
	75.654
	2.440
	0.204

	RORL
	31
	81.278
	2.622
	0.042

	ANOVA

	Source of Variation
	SS
	df
	MS
	F
	P-value
	F crit

	Between Groups
	0.600
	3
	0.200
	1.210
	0.309
	2.680

	Within Groups
	19.837
	120
	0.165
	
	
	

	Total
	20.437
	123
	 
	 
	 
	 


[bookmark: _Hlk99026965]
The factor of safety values from the drawdown rates, on the other hand, were subjected to a single-factor ANOVA from each of the water levels studied in this investigation, as shown in Table 5.26. The recovered p-values were then assessed against the alpha value of 0.05 to see if they were smaller than the alpha value. The normal operating reservoir level, maximum operating reservoir level at embankment height, and maximum operating reservoir level at overflow level all showed p-values less than 0.05, indicating that the variations in factor of safety values from the drawdown rates were statistically significant. The p-value for the reduced operating reservoir level, on the other hand, was higher than the alpha value, indicating that the differences were not statistically significant. The results show that the impact of operational reservoir level on slope stability reduces as the reservoir drawdown rate slows. It is acceptable to conclude that reservoir drawdown has a greater impact on slope stability than reservoir level in this situation.
[bookmark: _Ref100864694][bookmark: _Toc103544281][bookmark: _Toc104985607]Table 5.26 Summary of ANOVA results from investigated operating water levels (instantaneous, 5 days, 10 days, and 1 m per day)
	OP
	Source of Variation
	SS
	MS
	F
	P-value
	F crit
	Status (is P-value<0.05)

	NORL
	Between Groups
	5.215
	1.738
	12.444
	3.84× 10−7
	2.680
	TRUE

	MORL- EH
	Between Groups
	5.754
	1.918
	13.050
	1.96× 10−7
	2.680
	TRUE

	MORL-OF
	Between Groups
	4.506
	1.502
	11.192
	1.58× 10−6
	2.680
	TRUE

	RORL
	Between Groups
	0.042
	0.014
	0.437
	0.726762
	2.680
	FALSE



Generally, from the results, it has been observed that rapid drawdown from the slope of the reservoir is a key condition for the slope stability of an earth dam. When the reservoir level drops, there is no discernible change in the water level inside the dam body if the soil has a low permeability. As the water pressure that was working on the slope to balance this weight has been abruptly withdrawn, the weight of water that is still present in the soil slope tends to cause the wedge to slide. From another perspective, the soil's shear strength is much reduced due to pore pressure created in the soil, while the destabilizing force due to the saturated weight of the soil stays the same.
[bookmark: _Toc103544051][bookmark: _Toc104985376][bookmark: _Hlk98028863]Summary of the sub-section
The effect of long-term water level variations and loading conditions on the slope stability of the embankment dam was studied. In the case of the Chardara dam in Kazakhstan's Syrdarya basin, the problem was investigated using numerical modeling. Based on the piezometric lines, it was discovered that the pore-water pressures in the embankment remain rather high long after the reservoir has been emptied. The long-term steady-state factor of safety values were, on average, higher than those from the rapid drawdown conditions, with a difference of up to 54.4 %. As a result, the findings imply that it is critical to study the potential impact of drawdown scenarios on slope stability at various embankment heights. It is also worth noting that, part of the results in this sub-section of the research were published in Infrastructures journal [309]. 





























[bookmark: _Toc104985377]Summary of chapter five
In this chapter, different slope stability aspects have been investigated based on real case studies (Samarkand dam, Ndembera, Aktobe, and Chardara). As previously mentioned, embankment dams are dams made of soil, rock or a combination of the two. Embankment dams are also regarded to be the most cost-effective when local materials can be used to build the embankment with little or no processing.
For the case of Samarkand in Kazakhstan, the possible influence of rapid drawdown scenarios on the stability of historic dams was explored. The dam, which is located in Kazakhstan's Karaganda province and has a maximum depth of 12 meters and a length of 25 kilometers, was completed in 1941. The effects of steady and transient (rapid drawdown) flow conditions on seepage and slope stability were examined using numerical modeling. The GeoStudio software's SEEP/W and SLOPE/W are used to perform the finite element method-based modeling. A long-term steady-state slope stability analysis was performed on the embankment first, yielding a factor of safety of 2.344. A steady-state flow scenario maintains pressure at any location in the reservoir over time. The reservoir's long-term stable condition has a significant impact on embankment stability. A minimal factor of safety of 2.149 was obtained when the embankment was subjected to a 1 m per day draw-down rate; the minimum factor of safety was reached on the fourth day of the drawdown. The factor of safety obtained with a 1 m per day drawdown rate is 8.32 % lower than that obtained from a long-term steady state. Furthermore, the factor of safety calculated using the immediate drawdown rate is 32.85% less than the factor of safety calculated using long-term steady-state conditions.
The impact of material qualities on the slope stability of an embankment dam during a quick drawdown has been investigated for the Ndembera or Lugoda dam in Tanzania. The impact of material features on slope stability was evaluated using varying hydraulic conductivity values assigned to zone 1 of the embankment. The investigation was carried out utilizing the finite element method for the Lugoda dam in Tanzania's Ndembera watershed. Because impermeability affects pore-water pressure dissipation, as zone 1 becomes more impermeable, pore-water pressures in the embankment remain relatively high after the drawdown, according to the conclusions of the investigation. When the hydraulic conductivity value drops to 10-7 m/s, the lowest minimal factor of safety value is attained, with a value of 0.901, which is less than 1. The phenomena suggest that if the hydraulic conductivity value is less than 10-6 m/s, the embankment could fail at a pace of 1 meter per day to half of the maximum water level. If the hydraulic conductivity value must be less than 10-6 m/s, a lower drawdown rate must be used to avoid the possibility of failure. Moreover, the results demonstrate further that slope stability and the combination of a drawdown rate and embankment material qualities have a strong link. As a result, the phenomenon must be thoroughly researched and considered during the design process of an embankment dam. A 5-day decline rate gave a minimal factor of safety of 0.868 when the embankment was evaluated at a lower reservoir level; however, the same drawdown rate at a higher reservoir level yielded a minimum factor of safety of 0.206. The fact that the steady-state factor of safety value obtained at a lower reservoir operating level was lower than that obtained at a higher reservoir operating level is particularly fascinating.
Moreover, different slope stability aspects were also investigated in the case of the Aktobe dam in Kazakhstan. The impact of fast drawdown loading circumstances on embankment dam stability was explored using numerical modeling. According to the findings of the analysis, when the embankment was subjected to a 1 m per day drawdown rate, a minimum factor of safety value of 1.486 was calculated. The factor of safety value is 3.7% higher than the 10 days drawdown rate, 8.3 % higher than the 5 days drawdown rate, and 48.6% higher than the instantaneous drawdown rate. However, some agencies require that an embankment have a minimum factor of safety of 1.5 in order to be considered safe in terms of slope stability. Furthermore, it can be stated that when subjected to fast drawdown loading conditions, even a heterogeneous dam provided with a core in the embankment can be highly prone to failure. To minimize potential collapse when the dam is in operation, it is critical to evaluate the reaction of an embankment dam when subjected to a rapid drawdown condition during the design phase of the embankment.
The effect of long-term water level variations and loading circumstances on the slope stability of an embankment dam was studied for the Chardara dam in Kazakhstan. Likewise, in the case of the Chardara dam in Kazakhstan's Syrdarya basin, the problem was investigated using numerical modeling. Based on the piezometric lines, it was discovered that the pore-water pressures in the embankment remain rather high even after the reservoir has been completely emptied. With a difference of up to 54.4%, the factor of safety values from long-term steady-state settings were generally greater than those from fast drawdown conditions. As a result of the findings of this study, it is critical to evaluate the potential influence of drawdown scenarios on slope stability at various heights of the embankment.


[bookmark: _Toc104985378]CONCLUSIONS AND RECOMMENDATIONS
Conclusions
The potential influence of land-use changes, extreme events, and loading conditions on the slope stability of an embankment dam has been investigated. For several case studies, a combination of Geographical Information System techniques and numerical models were employed to analyze the problem. The Soil Conservation Services Curve Number (SCS-CN) method, also known as the Natural Resources Conservation Service curve number (NRCS-CN), was used to estimate flow conditions in the catchment, while numerical modeling was used to investigate the impact of flow conditions on the embankment's slope stability. This research looked at virtual models and case studies (Msimbazi, Ndembera, Samarkand, Aktobe, and Chardara).
As a consequence of the land use and land cover change analysis in the Ndembera catchment, land use classifications for water, wetland, dense forest, developed low intensity, developed medium intensity, and developed high intensity were produced. In 1990, wetlands constituted the bulk of the Ndembera watershed, accounting for around 56.57% of the entire area; however, high-intensity development covered just about 0.86% of the total area, while medium-intensity development covered 13.9%. However, in 2011, medium intensity development encompassed the majority of the catchment, accounting for 54.7% of the total area. A similar phenomenon was also observed in the Chardara catchment in Kazakhstan, whereby a large part of the catchment by 2011 was transformed into high-intensity development.
 As a result of the changes in land use/land cover and extreme events, the catchment modeled flows and reservoirs’ depths changed significantly with time. Furthermore, as a result of flow variations in the catchments, this study demonstrated that long-term water levels and loading conditions had a substantial impact on the slope stability of embankment dams. 
With the help of numerical modeling, the possible impact of changes in long-term water level on the slope stability of an embankment under rapid drawdown conditions was explored in the first virtual model. Three possible long-term water levels (ten, eight, and six meters) were considered. The findings of the investigation show that as the long-term operational water level changes, the factor of safety values changes as well. When the water level was dropped from 10 m to 6 m for a 13 m high embankment, the steady-state factor of safety was shown to be decreasing with the reduction in water level, with the steady-state factor of safety reducing by roughly 13.44 %. While the upstream slope became more stable as the long-term water level dropped under rapid drawdown scenarios, the downstream slope became more unstable. The research work also demonstrated that an embankment freeboard can have a significant impact on the steady-state factor of safety. Changes in long-term operating water levels also influenced the minimum values of the factor of safety, with the highest minimum factor of safety value obtained from a 6 m water level under a 5 days drawdown rate and the lowest minimum factor of safety value obtained from a combination of 10 m water level and instantaneous drawdown scenario.
[bookmark: _Hlk101389394]In the second virtual model, the impact of the size of a toe drain on the slope stability of an embankment dam during rapid drawdown conditions has been studied. According to the findings, pore-water pressures at the upstream face of the embankment decreased as the toe drain size increased, whereas pore-water pressures at the downstream toe increased. Changes in the toe drain size were also discovered to alter the factor of safety values. The derived results in this study revealed that when an embankment is subjected to a rapid drawdown situation, there is a substantial potential association between toe drain size and factor of safety.
From the Samarkand dam, a minimum factor of safety of 2.149 was found when the embankment was subjected to a 1 m per day draw-down rate; the minimum factor of safety value was reached on the fourth day of the drawdown. The factor of safety calculated from a 1 m per day drawdown rate is 8.32% lower than that calculated from a long-term steady state. Furthermore, the factor of safety calculated using the instantaneous drawdown rate is 32.85% smaller than that calculated using long-term steady-state conditions.
From the Ndembera or Lugoda dam, when the hydraulic conductivity value changed to 10-7 m/s, the lowest minimal factor of safety value was attained, with a value of 0.901, which is less than 1. The phenomenon suggests that if the hydraulic conductivity value is less than 10-6 m/s, the embankment could fail at a pace of 1 meter per day to half of the maximum water level. If the hydraulic conductivity value must be less than 10-6 m/s, a lower drawdown rate must be used to avoid the possibility of failure. The derived results in this study demonstrated that slope stability and the combination of a drawdown rate and embankment material characteristics have a strong relationship. 
From the Aktobe dam in Kazakhstan, when the embankment was subjected to a 1 m per day drawdown rate, a minimum factor of safety value of 1.486 was calculated. The factor of safety value is 3.7 % higher than the 10 days drawdown rate, 8.3 % higher than the 5 days drawdown rate, and 48.6% higher than the instantaneous drawdown rate.
In the case of the Chardara dam in Kazakhstan's Syrdarya basin, the effect of long-term water level variations and loading circumstances on the slope stability of an embankment dam was studied. Based on the piezometric lines, it was discovered that the pore-water pressures in the embankment remain rather high even after the reservoir has been completely emptied. With a difference of up to 54.4%, the factor of safety values from long-term steady-state settings were generally greater than those from fast drawdown conditions. As a result, the findings imply that it is critical to study the potential impact of drawdown scenarios on slope stability at various embankment heights.
In that matter, it is significantly important to investigate the state of the catchment in terms of land surface cover and climatic variables during the design phase of an embankment dam in order to achieve safe and sustainable dams.
Recommendations
· The application of GIS-based techniques along with high spatial resolution imageries to extract geomorphological characteristics of a catchment can be a highly useful tool for dam site characterization and selection. This approach provides decision-makers with a useful and very inexpensive tool for identifying stream networks and land surface cover patterns as well as determining areas with severe limitations or less appropriate sites; while concentrating on those with the fewest restrictions or more suitable sites for dam construction.
· It is of significant importance to investigate the state of land surface cover in a catchment before the design and construction of embankment dams. Land surface cover analysis helps to project key probable issues that are likely to affect the stability and sustainability of the dam in the future. Furthermore, land-cover statistics are utilized as basic information for the sustainable management of natural resources, and they are becoming increasingly important for assessing the environmental implications of economic development.
· In this study, it has been observed that stormwater modeling plays an important role in understanding and predicting different flow characteristics in a catchment. It's also worth mentioning that when a projected volume estimate is necessary, a stormwater model becomes significantly useful as it is also relatively less expensive compared to physical measurements. Moreover, in many circumstances, the conditions to be examined do not exactly match the monitoring conditions, necessitating modeling.
· As shown in this study, flow parameters have a substantial impact on the stability of embankment dams. In that matter, it is critical to investigate the likely flow characteristics that will be applied to the embankment in the future; in particular, the embankment slope stability should be assessed based on various potential long-term water levels as well as their potential responses when subjected to a rapid drawdown loading condition.
· Because this study concentrated on the slope stability of the embankment's upstream face with different operational conditions, future studies could focus on the slope stability of the embankment's downstream face and stability during the reservoir's first filling.
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# -*- coding: utf-8 -*-
# ---------------------------------------------------------------------------
# Script_lugoda.py
# Created on: 2022-02-15 01:40:22.00000
#   (generated by ArcGIS/ModelBuilder)
# Description: 
# ---------------------------------------------------------------------------

# Import arcpy module
import arcpy


# Local variables:
s09_e036_1arc_v3_tif = "C:\\Users\\user\\Desktop\\Lugoda\\s09_e036_1arc_v3.tif"
mosaicnew1_tif = s09_e036_1arc_v3_tif
s09_e035_1arc_v3_tif = "C:\\Users\\user\\Desktop\\Lugoda\\s09_e035_1arc_v3.tif"
s09_e034_1arc_v3_tif = "C:\\Users\\user\\Desktop\\Lugoda\\s09_e034_1arc_v3.tif"
s08_e036_1arc_v3_tif = "C:\\Users\\user\\Desktop\\Lugoda\\s08_e036_1arc_v3.tif"
s08_e035_1arc_v3_tif = "C:\\Users\\user\\Desktop\\Lugoda\\s08_e035_1arc_v3.tif"
s08_e034_1arc_v3_tif = "C:\\Users\\user\\Desktop\\Lugoda\\s08_e034_1arc_v3.tif"
Modelbuilder_output = "C:\\Users\\user\\Desktop\\Work-lugoda\\Modelbuilder_output"
Output_surface_raster = "C:\\Users\\user\\Documents\\ArcGIS\\Default.gdb\\Fill_tif8"
Fdr = "C:\\Users\\user\\Desktop\\Work-lugoda\\Layers\\fdr"
Fac = "C:\\Users\\user\\Desktop\\Work-lugoda\\Layers\\fac"
Str = "C:\\Users\\user\\Desktop\\Work-lugoda\\Layers\\str"
StrLnk = "C:\\Users\\user\\Desktop\\Work-lugoda\\Layers\\strlnk"
DrainageLine = "C:\\Users\\user\\Desktop\\Work-lugoda\\ModelBuilderTrial2.gdb\\Layers\\DrainageLine"
Cat = "C:\\Users\\user\\Desktop\\Work-lugoda\\Layers\\cat"
Catchment = "C:\\Users\\user\\Desktop\\Work-lugoda\\ModelBuilderTrial2.gdb\\Layers\\Catchment"
AdjointCatchment = "C:\\Users\\user\\Desktop\\Work-lugoda\\ModelBuilderTrial2.gdb\\Layers\\AdjointCatchment"
Fdr__2_ = "Fdr"
Fdr__3_ = "Fdr"
Fdr__4_ = "Fdr"
Catchment__2_ = "Catchment"
LSU_shp = "C:\\Users\\user\\Desktop\\Work-lugoda\\LSU.shp"
Fill_tif8_Clip = "C:\\Users\\user\\Documents\\ArcGIS\\Default.gdb\\Fill_tif8_Clip"
CNLookUp_dbf = "C:\\Users\\user\\Desktop\\Work-lugoda\\CNLookUp.dbf"
CNGrid = "C:\\Users\\user\\Desktop\\Work-lugoda\\Layers\\cngrid"
Fil = "Fil"
SoilLUPoly = "SoilLUPoly"
CNLookUp = "CNLookUp"
# Process: Mosaic To New Raster
arcpy.MosaicToNewRaster_management("C:\\Users\\user\\Desktop\\Lugoda\\s09_e036_1arc_v3.tif;C:\\Users\\user\\Desktop\\Lugoda\\s09_e035_1arc_v3.tif;C:\\Users\\user\\Desktop\\Lugoda\\s09_e034_1arc_v3.tif;C:\\Users\\user\\Desktop\\Lugoda\\s08_e036_1arc_v3.tif;C:\\Users\\user\\Desktop\\Lugoda\\s08_e035_1arc_v3.tif;C:\\Users\\user\\Desktop\\Lugoda\\s08_e034_1arc_v3.tif", Modelbuilder_output, "mosaicnew1.tif", "PROJCS['WGS_1984_UTM_Zone_37S',GEOGCS['GCS_WGS_1984',DATUM['D_WGS_1984',SPHEROID['WGS_1984',6378137.0,298.257223563]],PRIMEM['Greenwich',0.0],UNIT['Degree',0.0174532925199433]],PROJECTION['Transverse_Mercator'],PARAMETER['False_Easting',500000.0],PARAMETER['False_Northing',10000000.0],PARAMETER['Central_Meridian',39.0],PARAMETER['Scale_Factor',0.9996],PARAMETER['Latitude_Of_Origin',0.0],UNIT['Meter',1.0]]", "32_BIT_FLOAT", "", "1", "LAST", "FIRST")

# Process: Fill
arcpy.gp.Fill_sa(mosaicnew1_tif, Output_surface_raster, "")
# Process: Flow Direction
arcpy.FlowDirection_archydro(Output_surface_raster, Fdr, "")
# Process: Flow Accumulation
arcpy.FlowAccumulation_archydro(Fdr, Fac)
# Process: Stream Definition
arcpy.StreamDefinition_archydro(Fac, "322194", Str, "309.679522")
# Process: Stream Segmentation
arcpy.StreamSegmentation_archydro(Str, Fdr, StrLnk, "", "")
# Process: Drainage Line Processing
arcpy.DrainageLineProcessing_archydro(StrLnk, Fdr, DrainageLine)
# Process: Catchment Grid Delineation
arcpy.CatchmentGridDelineation_archydro(Fdr, StrLnk, Cat)
# Process: Catchment Polygon Processing
arcpy.CatchmentPolyProcessing_archydro(Cat, Catchment)
# Process: Adjoint Catchment Processing
arcpy.AdjointCatchment_archydro(DrainageLine, Catchment, AdjointCatchment)
# Process: Clip
arcpy.Clip_management(Output_surface_raster, "73959.1283518013 9076606.75805134 125300.391817845 9119633.12718286", Fill_tif8_Clip, LSU_shp, "-3.402823e+38", "NONE", "MAINTAIN_EXTENT")
# Process: Generate CN Grid
arcpy.GenerateCNGrid_geohms(Fill_tif8_Clip, LSU_shp, CNLookUp_dbf, CNGrid)
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	OBJECTID
	gridcode
	Shape_Length
	Shape_Area
	Class_name
	Area

	1
	2
	3
	4
	5
	6

	2918
	3
	179.9789
	1799.578
	Water
	0.0018

	2960
	3
	119.9859
	899.7889
	Water
	0.0009

	3090
	3
	179.9789
	1799.578
	Water
	0.0018

	3118
	3
	113.1729
	616.0529
	Water
	0.000616

	3202
	3
	112.4817
	576.2144
	Water
	0.000576

	3335
	3
	179.9789
	1799.578
	Water
	0.0018

	3463
	3
	179.9789
	1799.578
	Water
	0.0018

	3516
	3
	545.1984
	10375.9
	Water
	0.010376

	3550
	3
	119.9859
	899.7889
	Water
	0.0009

	3564
	3
	112.4817
	576.2144
	Water
	0.000576

	3591
	3
	449.5233
	6622.103
	Water
	0.006622

	4144
	3
	119.9859
	899.7889
	Water
	0.0009

	4209
	3
	179.9789
	1799.578
	Water
	0.0018

	4247
	3
	2510.529
	81775.81
	Water
	0.081776

	4442
	3
	119.9859
	899.7889
	Water
	0.0009

	4479
	3
	395.639
	6143.871
	Water
	0.006144

	5443
	3
	746.2693
	20567
	Water
	0.020567

	5644
	3
	299.9648
	3599.155
	Water
	0.003599

	5756
	3
	179.9789
	1799.578
	Water
	0.0018

	6251
	3
	570.8975
	13548.74
	Water
	0.013549

	6357
	3
	119.9859
	899.7889
	Water
	0.0009

	6458
	3
	1404.025
	71353.29
	Water
	0.071353

	6565
	3
	493.9497
	10807.98
	Water
	0.010808

	6752
	3
	172.6313
	1045.715
	Water
	0.001046

	7055
	3
	471.1541
	11305.99
	Water
	0.011306

	7199
	3
	179.9789
	1799.578
	Water
	0.0018

	7412
	3
	119.9859
	899.7889
	Water
	0.0009

	7665
	3
	299.9648
	3599.155
	Water
	0.003599

	7957
	3
	119.9859
	899.7889
	Water
	0.0009

	8654
	3
	112.4808
	576.2076
	Water
	0.000576

	8888
	3
	419.9507
	5398.733
	Water
	0.005399

	9205
	3
	113.1739
	616.0636
	Water
	0.000616

	9572
	3
	119.9859
	899.7889
	Water
	0.0009

	9627
	3
	277.0495
	3599.155
	Water
	0.003599

	9963
	3
	200.1896
	2365.886
	Water
	0.002366

	13648
	3
	119.9859
	899.7889
	Water
	0.0009

	15402
	3
	112.4808
	576.2076
	Water
	0.000576

	15473
	3
	119.9859
	899.7889
	Water
	0.0009

	15622
	3
	113.1739
	616.0636
	Water
	0.000616

	16957
	3
	359.9578
	4498.944
	Water
	0.004499

	17012
	3
	112.4808
	576.2076
	Water
	0.000576

	17060
	3
	119.9859
	899.7889
	Water
	0.0009

	18474
	3
	112.4808
	576.2076
	Water
	0.000576

	1
	2
	3
	4
	5
	6

	18640
	3
	179.9789
	1799.578
	Water
	0.0018

	22277
	3
	112.4808
	576.2076
	Water
	0.000576

	22344
	3
	771.0789
	23261
	Water
	0.023261

	23324
	3
	217.0566
	2699.367
	Water
	0.002699

	23327
	3
	119.9859
	899.7889
	Water
	0.0009

	23405
	3
	179.9789
	1799.578
	Water
	0.0018

	23596
	3
	473.1325
	7482.027
	Water
	0.007482

	23652
	3
	119.9859
	899.7889
	Water
	0.0009

	24042
	3
	113.1739
	616.0636
	Water
	0.000616

	26487
	3
	179.9789
	1799.578
	Water
	0.0018

	26641
	3
	170.1918
	1214.578
	Water
	0.001215

	26706
	3
	119.9859
	899.7889
	Water
	0.0009

	26791
	3
	119.9859
	899.7889
	Water
	0.0009

	26872
	3
	119.9859
	899.7889
	Water
	0.0009

	26889
	3
	311.6473
	4138.142
	Water
	0.004138

	26948
	3
	119.9859
	899.7889
	Water
	0.0009

	27136
	3
	112.4808
	576.2076
	Water
	0.000576

	29057
	3
	119.9859
	899.7889
	Water
	0.0009

	29482
	3
	304.9806
	4137.849
	Water
	0.004138

	29560
	3
	113.1735
	616.0589
	Water
	0.000616

	29741
	3
	113.1735
	616.0589
	Water
	0.000616

	29814
	3
	112.4808
	576.2076
	Water
	0.000576

	30053
	3
	119.9859
	899.7889
	Water
	0.0009

	30054
	3
	112.4808
	576.2076
	Water
	0.000576

	30118
	3
	119.9859
	899.7889
	Water
	0.0009

	30119
	3
	119.9859
	899.7889
	Water
	0.0009

	30121
	3
	119.9859
	899.7889
	Water
	0.0009

	31261
	3
	179.9789
	1799.578
	Water
	0.0018

	31447
	3
	179.9789
	1799.578
	Water
	0.0018

	31526
	3
	232.7884
	1504.032
	Water
	0.001504

	31722
	3
	112.4808
	576.2076
	Water
	0.000576

	31770
	3
	113.1735
	616.0589
	Water
	0.000616

	32128
	3
	211.8957
	2084.578
	Water
	0.002085

	32129
	3
	113.1735
	616.0589
	Water
	0.000616

	32288
	3
	119.9859
	899.7889
	Water
	0.0009

	32344
	3
	119.9859
	899.7889
	Water
	0.0009

	32409
	3
	119.9859
	899.7889
	Water
	0.0009

	32508
	3
	119.9859
	899.7889
	Water
	0.0009

	32514
	3
	169.7458
	1228.577
	Water
	0.001229

	32605
	3
	119.9859
	899.7889
	Water
	0.0009

	32816
	3
	119.9859
	899.7889
	Water
	0.0009

	32950
	3
	112.4808
	576.2076
	Water
	0.000576

	33047
	3
	179.9789
	1799.578
	Water
	0.0018

	33199
	3
	119.9859
	899.7889
	Water
	0.0009

	33201
	3
	119.9859
	899.7889
	Water
	0.0009

	33805
	3
	119.9859
	899.7889
	Water
	0.0009

	34325
	3
	239.9718
	2699.367
	Water
	0.002699

	34326
	3
	112.4808
	576.2076
	Water
	0.000576

	36644
	3
	119.9859
	899.7889
	Water
	0.0009

	37419
	3
	119.9859
	899.7889
	Water
	0.0009

	37517
	3
	119.9859
	899.7889
	Water
	0.0009

	38127
	3
	113.1743
	616.0683
	Water
	0.000616

	44180
	3
	330.3337
	5207.424
	Water
	0.005207

	44264
	3
	359.9578
	4498.944
	Water
	0.004499

	44266
	3
	119.9859
	899.7889
	Water
	0.0009

	44347
	3
	179.9789
	1799.578
	Water
	0.0018

	44514
	3
	112.4808
	576.2076
	Water
	0.000576

	44602
	3
	119.9859
	899.7889
	Water
	0.0009

	46646
	3
	162.9747
	1255.388
	Water
	0.001255

	48229
	3
	112.4808
	576.2076
	Water
	0.000576

	48330
	3
	179.9789
	1799.578
	Water
	0.0018

	48427
	3
	119.9859
	899.7889
	Water
	0.0009

	50397
	3
	119.9859
	899.7889
	Water
	0.0009

	50797
	3
	304.7119
	4020.492
	Water
	0.004021

	51027
	3
	112.4817
	576.2144
	Water
	0.000576

	52570
	3
	113.1729
	616.0529
	Water
	0.000616

	52788
	3
	284.4991
	2510.171
	Water
	0.00251

	52900
	3
	986.6578
	20668.53
	Water
	0.020669

	53288
	3
	113.1739
	616.0636
	Water
	0.000616

	53383
	3
	113.1739
	616.0636
	Water
	0.000616

	53384
	3
	112.4808
	576.2076
	Water
	0.000576

	53583
	3
	113.1739
	616.0636
	Water
	0.000616

	53587
	3
	113.1735
	616.0589
	Water
	0.000616

	54064
	3
	112.4817
	576.2144
	Water
	0.000576

	54399
	3
	112.4808
	576.2076
	Water
	0.000576

	54914
	3
	113.1739
	616.0636
	Water
	0.000616

	55011
	3
	381.747
	6710.255
	Water
	0.00671

	55121
	3
	359.9578
	4498.944
	Water
	0.004499

	55123
	3
	119.9859
	899.7889
	Water
	0.0009

	55125
	3
	384.8694
	5837.042
	Water
	0.005837

	55214
	3
	239.9718
	3599.155
	Water
	0.003599

	55551
	3
	479.9437
	8098.1
	Water
	0.008098

	55642
	3
	113.1739
	616.0636
	Water
	0.000616

	55653
	3
	169.7455
	1228.569
	Water
	0.001229

	55655
	3
	299.9648
	3599.155
	Water
	0.003599

	55761
	3
	119.9859
	899.7889
	Water
	0.0009

	55776
	3
	503.1617
	11197.92
	Water
	0.011198

	55891
	3
	172.7787
	1295.424
	Water
	0.001295

	56106
	3
	397.0355
	5398.733
	Water
	0.005399

	56205
	3
	394.439
	6899.168
	Water
	0.006899

	56314
	3
	320.1749
	4165.45
	Water
	0.004166

	56498
	3
	113.1739
	616.0636
	Water
	0.000616

	56599
	3
	113.1739
	616.0636
	Water
	0.000616

	56600
	3
	212.9883
	2131.723
	Water
	0.002132

	57437
	3
	112.4808
	576.2076
	Water
	0.000576

	57631
	3
	112.4808
	576.2076
	Water
	0.000576

	57891
	3
	179.9789
	1799.578
	Water
	0.0018

	57898
	3
	291.0274
	3029.777
	Water
	0.00303

	57902
	3
	239.9718
	2699.367
	Water
	0.002699

	58274
	3
	119.9859
	899.7889
	Water
	0.0009

	58456
	3
	200.2636
	2261.292
	Water
	0.002261

	58556
	3
	113.1739
	616.0636
	Water
	0.000616

	58763
	3
	113.1739
	616.0636
	Water
	0.000616

	58765
	3
	113.1735
	616.0589
	Water
	0.000616

	58861
	3
	112.4808
	576.2076
	Water
	0.000576

	58870
	3
	113.1735
	616.0589
	Water
	0.000616

	58956
	3
	113.1739
	616.0636
	Water
	0.000616

	58957
	3
	113.1739
	616.0636
	Water
	0.000616

	58965
	3
	119.9859
	899.7889
	Water
	0.0009

	59077
	3
	179.9789
	1799.578
	Water
	0.0018

	59292
	3
	113.1739
	616.0636
	Water
	0.000616

	59735
	3
	113.1739
	616.0636
	Water
	0.000616

	59831
	3
	169.7448
	1228.556
	Water
	0.001229

	60004
	3
	349.6957
	5689.796
	Water
	0.00569

	60006
	3
	119.9859
	899.7889
	Water
	0.0009

	60224
	3
	289.6068
	4632.507
	Water
	0.004633

	64426
	3
	5962.25
	674231
	Water
	0.674231

	67830
	3
	299.9648
	3599.155
	Water
	0.003599

	69447
	3
	112.4808
	576.2076
	Water
	0.000576

	70709
	3
	200.224
	2514.345
	Water
	0.002514

	70822
	3
	169.7453
	1228.562
	Water
	0.001229

	73699
	3
	119.9859
	899.7889
	Water
	0.0009

	73792
	3
	119.9859
	899.7889
	Water
	0.0009

	75040
	3
	112.4808
	576.2076
	Water
	0.000576

	78784
	3
	239.9718
	2699.367
	Water
	0.002699

	79176
	3
	239.9718
	2699.367
	Water
	0.002699

	82302
	3
	113.1747
	616.073
	Water
	0.000616

	82406
	3
	119.9859
	899.7889
	Water
	0.0009

	82596
	3
	113.1747
	616.073
	Water
	0.000616

	82644
	3
	169.749
	1228.605
	Water
	0.001229

	90038
	3
	113.1747
	616.073
	Water
	0.000616

	90431
	3
	113.1747
	616.073
	Water
	0.000616

	90657
	3
	112.4808
	576.2076
	Water
	0.000576

	90689
	3
	112.4808
	576.2076
	Water
	0.000576

	90745
	3
	169.7454
	1228.571
	Water
	0.001229



[bookmark: _Toc104985382]Appendix C – Pore-water pressures from 1 m per day drawdown
	
	Node 2854 (92.125285, 44.573326)

	Time (d)
	Water Pressure (kPa)

	0
	118.3085

	1
	22.76251

	2
	7.059753

	3
	0.094214

	4
	-0.78334

	5
	-1.03243

	6
	-1.23217

	7
	-1.35448

	8
	-1.46683

	9
	-1.57624

	10
	-1.6856

	11
	-1.79657

	12
	-1.91025

	13
	-2.02744

	14
	-2.14877

	15
	-2.27482

	16
	-2.40616

	17
	-2.54343

	18
	-2.68725

	19
	-2.83828

	20
	-2.99718

	21
	-3.16455

	22
	-3.34098

	23
	-3.52714

	24
	-3.72375

	25
	-3.93161

	26
	-4.15152

	27
	-4.38402

	28
	-4.62946

	29
	-4.88812

	30
	-5.16027



[bookmark: _Toc104985383]Appendix D – Ndembera dam factor of safety values from 1 m per day drawdown: Morgenstern-Price method
	
	Slip Surface 92

	Time (d)
	Factor of Safety

	0
	2.2557301

	1
	2.1396803

	2
	2.0540603

	3
	1.9774132

	4
	1.9068394

	5
	1.8363791

	6
	1.7700639

	7
	1.7121454

	8
	1.6551086

	9
	1.5969275

	10
	1.5402653

	11
	1.4843074

	12
	1.4265584

	13
	1.3727258

	14
	1.3237317

	15
	1.2778911

	16
	1.2342372

	17
	1.192138

	18
	1.1529951

	19
	1.1135613

	20
	1.08046

	21
	1.0484254

	22
	1.0174445

	23
	0.99070328

	24
	0.9657851

	25
	0.94601683

	26
	0.92581362

	27
	0.91306434

	28
	0.90063951

	29
	0.91921703

	30
	0.95450819

	31
	0.98429815

	32
	1.0098644

	33
	1.0318914

	34
	1.0513563

	35
	1.0675651

	36
	1.082209

	37
	1.0954798

	38
	1.1074696

	39
	1.1183855

	40
	1.1287547

	41
	1.1381106

	42
	1.145865

	43
	1.1538777

	44
	1.1616998

	45
	1.1690312

	46
	1.1754462

	47
	1.1816636

	48
	1.1873037

	49
	1.1927574

	50
	1.1981501

	51
	1.2030206

	52
	1.2077744

	53
	1.2124921

	54
	1.2171431

	55
	1.2213738

	56
	1.2254502

	57
	1.2295263

	58
	1.2336017

	59
	1.2376432

	60
	1.2413526


[bookmark: _Toc104985384]Appendix E – Ndembera dam factor of safety values from 1 m per day drawdown: Bishop method
	
	Slip Surface 92

	Time (d)
	Factor of Safety

	0
	2.25573

	1
	2.13968

	2
	2.05406

	3
	1.977413

	4
	1.906839

	5
	1.836379

	6
	1.770064

	7
	1.712145

	8
	1.655109

	9
	1.596928

	10
	1.540265

	11
	1.484307

	12
	1.426558

	13
	1.372726

	14
	1.323732

	15
	1.277891

	16
	1.234237

	17
	1.192138

	18
	1.152995

	19
	1.113561

	20
	1.08046

	21
	1.048425

	22
	1.017445

	23
	0.990703

	24
	0.965785

	25
	0.946017

	26
	0.925814

	27
	0.913064

	28
	0.90064

	29
	0.919217

	30
	0.954508

	31
	0.984298

	32
	1.009864

	33
	1.031891

	34
	1.051356

	35
	1.067565

	36
	1.082209

	37
	1.09548

	38
	1.10747

	39
	1.118386

	40
	1.128755

	41
	1.138111

	42
	1.145865

	43
	1.153878

	44
	1.1617

	45
	1.169031

	46
	1.175446

	47
	1.181664

	48
	1.187304

	49
	1.192757

	50
	1.19815

	51
	1.203021

	52
	1.207774

	53
	1.212492

	54
	1.217143

	55
	1.221374

	56
	1.22545

	57
	1.229526

	58
	1.233602

	59
	1.237643

	60
	1.241353



[bookmark: _Toc104985385]Appendix F – Chardara dam factor of safety values from instantaneous drawdown
	
	Slip Surface 1

	Time (d)
	Factor of Safety

	0
	3.576209

	1
	0.978591

	2
	1.684646

	3
	1.839911

	4
	1.902818

	5
	1.935414

	6
	1.953739

	7
	1.966192

	8
	1.975571

	9
	1.982726

	10
	1.989019

	11
	1.994827

	12
	2.000354

	13
	2.005613

	14
	2.010486

	15
	2.01534

	16
	2.020178

	17
	2.024979

	18
	2.029722

	19
	2.032798

	20
	2.036404

	21
	2.039824

	22
	2.043344

	23
	2.046819

	24
	2.050406

	25
	2.054039

	26
	2.057609

	27
	2.061155

	28
	2.064619

	29
	2.068057

	30
	2.071392



[bookmark: _Toc104985386]Appendix G – Chardara dam factor of safety values from instantaneous drawdown
	
	Slip Surface 1

	Time (d)
	Factor of Safety

	0
	3.576209

	1
	3.016615

	2
	2.715774

	3
	2.505238

	4
	2.346025

	5
	2.223648

	6
	2.134525

	7
	2.067169

	8
	2.015612

	9
	1.986174

	10
	1.980428

	11
	1.988477

	12
	1.994898

	13
	2.000618

	14
	2.005973

	15
	2.010979

	16
	2.015937

	17
	2.020817

	18
	2.025658

	19
	2.02965

	20
	2.032774

	21
	2.03642

	22
	2.039901

	23
	2.043448

	24
	2.047009

	25
	2.050604

	26
	2.054247

	27
	2.057856

	28
	2.061417

	29
	2.064891

	30
	2.068303



[bookmark: _Toc104985387]	Appendix H – Chardara dam factor of safety values from 10 days drawdown
	
	Slip Surface 182

	Time (d)
	Factor of Safety

	0
	4.016025

	1
	3.701572

	2
	3.468909

	3
	3.267874

	4
	3.087711

	5
	2.925586

	6
	2.780518

	7
	2.652244

	8
	2.541119

	9
	2.445255

	10
	2.366843

	11
	2.303195

	12
	2.254281

	13
	2.220652

	14
	2.243819

	15
	2.254653

	16
	2.261295

	17
	2.266364

	18
	2.270753

	19
	2.274603

	20
	2.278122

	21
	2.281493

	22
	2.28475

	23
	2.28801

	24
	2.291238

	25
	2.294342

	26
	2.297501

	27
	2.300579

	28
	2.303609

	29
	2.306469

	30
	2.309298



5m	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	8.3183395999999998	-4.5924052	-8.6115030000000008	-11.262394	-13.270648	-14.895274000000001	-16.265750000000001	-17.455946000000001	-18.511433	-19.462315	-20.329391999999999	-21.127829999999999	-21.869053999999998	-22.561589000000001	-23.212195000000001	-23.826277000000001	-24.408227	-24.961673999999999	-25.489661999999999	-25.994778	-26.479223000000001	-26.944887999999999	-27.393404	-27.826177000000001	-28.244430000000001	-28.649258	-29.041630000000001	-29.422407	-29.792365	-30.152208000000002	-30.502562000000001	10m	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	7.0505224000000002	-5.7640856999999999	-9.7174934999999998	-12.388241000000001	-14.428542	-16.089297999999999	-17.496324000000001	-18.721693999999999	-19.810299000000001	-20.792164	-21.688362999999999	-22.514026999999999	-23.280584999999999	-23.996822999999999	-24.669647999999999	-25.304603	-25.906253	-26.478383999999998	-27.024146000000002	-27.546191	-28.046762999999999	-28.527791000000001	-28.990950999999999	-29.437709999999999	-29.869358999999999	-30.287034999999999	-30.691739999999999	-31.084368000000001	-31.465719	-31.836514999999999	-32.197406999999998	15m	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	6.2740628000000003	-5.5738919999999998	-9.6416237000000002	-12.539615	-14.800803	-16.647444	-18.206727999999998	-19.556639000000001	-20.748315999999999	-21.816877999999999	-22.786905000000001	-23.676368	-24.498698000000001	-25.264187	-25.980969999999999	-26.655581999999999	-27.293317999999999	-27.898509000000001	-28.474716999999998	-29.024936	-29.551711000000001	-30.057221999999999	-30.543351000000001	-31.01173	-31.463785999999999	-31.900773000000001	-32.323799999999999	-32.733848999999999	-33.131796000000001	-33.518425000000001	-33.894441999999998	Time (days)


Water Pressure (kPa)




5m	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	0.10484617	0.10482814	0.10478512	0.10470451	0.10458357	0.10442522999999999	0.10423504	0.10401729	0.10377912	0.1035247	0.10325657000000001	0.10297974999999999	0.10269136	0.10239234999999999	0.10208908	0.10178613	0.10148366	0.10118265999999999	0.10088357000000001	0.10058527	0.10028732999999999	9.9992919999999999E-2	9.9701406000000006E-2	9.9413210000000002E-2	9.9124606000000004E-2	9.8838439E-2	9.8555418000000006E-2	9.8275901999999998E-2	9.7998873E-2	9.7727754E-2	9.7460087000000001E-2	10m	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	0.17242473999999999	0.17235924	0.17217652999999999	0.17185412	0.17139081	0.17079581999999999	0.17008202	0.16925999999999999	0.16834213000000001	0.16733814	0.16625419999999999	0.16509889	0.16388554999999999	0.16262451	0.16132123000000001	0.15998395000000001	0.15861981	0.15723545999999999	0.15583179	0.15441261000000001	0.15298519999999999	0.15155732	0.15012951999999999	0.14870597999999999	0.14728400999999999	0.14586087	0.14444592000000001	0.14304358	0.14165470999999999	0.14027602	0.13891245999999999	15m	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	0.23156429000000001	0.23143090999999999	0.23106850000000001	0.2304612	0.22963280999999999	0.22861527000000001	0.2274371	0.22612329	0.22469578000000001	0.22317145999999999	0.22156641999999999	0.21989151000000001	0.21815609999999999	0.21637136000000001	0.21454586	0.21268818	0.21080694999999999	0.20890323999999999	0.20698783000000001	0.20506215	0.20312959	0.2011944	0.19926366000000001	0.19733459	0.19541368000000001	0.19350159	0.19159872999999999	0.18970743000000001	0.18782989	0.18596728000000001	0.18412000000000001	Time (days)


Water pressure (kPa)




5m	0	1	2	3	4	1.6029536	1.2825036999999999	1.1053014999999999	1.004713	0.95941407000000001	10m	0	1	2	3	4	1.6144811999999999	1.2930325	1.1139124	1.0131546	0.96806910999999995	15m	0	1	2	3	4	1.6261912999999999	1.3023806	1.1225911	1.0216394	0.97605637000000001	Time (days)


Factor of safety




20 degrees	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	1.2284428000000001	0.64620482999999995	0.71689077000000001	0.74127018	0.75508602999999996	0.76495179999999996	0.77310692000000003	0.78035504	0.78677209999999997	0.79232899000000001	0.79733936000000005	0.80202266	0.80645981	0.81064510000000001	0.81466073999999999	0.81849488000000004	0.82215384000000002	0.82554954000000003	0.82869793000000003	0.83173039000000004	0.83464764000000002	0.83751178999999998	0.84029595000000001	0.84299668000000005	0.84561253999999997	0.84816011999999996	0.85067300999999995	0.85312874000000005	0.85552121999999997	0.85766986000000001	0.85976240999999998	25 degrees	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	1.510982	0.75601373999999999	0.85316577999999998	0.88583151999999998	0.90426282999999996	0.91735723000000002	0.92819289000000005	0.93763735000000004	0.94620356999999999	0.95339432999999996	0.96001669000000001	0.96612235000000002	0.97199157999999997	0.97752607000000002	0.98284190999999999	0.98791925000000003	0.99257172000000005	0.99686589999999997	1.0010171000000001	1.0050158	1.0088626999999999	1.0126438	1.0163214	1.0198881	1.0233424	1.0267089	1.0300326	1.0331538	1.0360503000000001	1.0388763999999999	1.0416303	30 degrees	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	1.7805150999999999	0.88452898999999996	1.0048352	1.0449668000000001	1.0676015000000001	1.0840326	1.0973274	1.1089305	1.1194554999999999	1.1283398	1.1365232999999999	1.1441785	1.1513621000000001	1.1582044	1.1647772000000001	1.1710555	1.1768099000000001	1.1821233	1.1872602000000001	1.1922082000000001	1.1969687	1.2016481000000001	1.2061995999999999	1.2106140000000001	1.2148892	1.2190559999999999	1.2231700999999999	1.2270345	1.2306216000000001	1.2341215999999999	1.2375320999999999	35 degrees	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	2.0787703999999998	1.0271235000000001	1.1721182999999999	1.2215225999999999	1.2483434	1.2681404999999999	1.2843233999999999	1.2984332999999999	1.3111702999999999	1.3219276	1.3318380000000001	1.3411093999999999	1.3499007000000001	1.3580315999999999	1.3660029	1.3735322999999999	1.3807362999999999	1.3871749	1.3933997	1.3993215000000001	1.4050925000000001	1.4107657	1.4162840000000001	1.4216361	1.4268196	1.4318717000000001	1.4368601999999999	1.4415469000000001	1.4458982	1.4501438	1.4542808	Time (days)


Factor of safety




20 degrees	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	1.2626371000000001	1.0170134	0.87560187	0.79415314999999997	0.75631411000000004	0.75555981999999999	0.76666606999999998	0.77513947000000005	0.78243172000000005	0.78877092999999998	0.79424980000000001	0.79932250000000005	0.80410177999999999	0.80875145000000004	0.81302187999999997	0.81701073000000002	0.82091188000000004	0.82434689999999999	0.82766388999999996	0.83086073999999999	0.83393766999999996	0.83692158000000005	0.83984391000000003	0.84267970999999997	0.84542824999999999	0.84809108	0.85071094999999997	0.85328176	0.85558540000000005	0.85782024000000001	0.86000167000000005	25 degrees	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	1.510982	1.2119046	1.0438707	0.94883868000000005	0.90594558000000003	0.90673197000000005	0.92092611999999996	0.93174763999999999	0.94106173000000004	0.94920649999999995	0.95621394999999998	0.96261591999999996	0.968727	0.9744893	0.97994663000000004	0.98518302000000002	0.99017270000000002	0.99456933999999997	0.99881569000000003	1.0029083999999999	1.0068476	1.0106679999999999	1.01441	1.0180412999999999	1.0215608	1.0249706999999999	1.0283259	1.0316185	1.0345707	1.0374348	1.0402305000000001	30 degrees	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	1.7805150999999999	1.4234486	1.2265181000000001	1.1168659000000001	1.0681605000000001	1.0706321999999999	1.0884339999999999	1.101656	1.1131582	1.1231644999999999	1.1318235999999999	1.1398421999999999	1.1473260000000001	1.1544498000000001	1.161197	1.1676717999999999	1.1738419	1.1792815000000001	1.1845359	1.1896004	1.194475	1.1992027999999999	1.2038340000000001	1.2083282	1.2126842	1.2169045000000001	1.2210574999999999	1.2251331000000001	1.2287892	1.2323363000000001	1.2357986000000001	35 degrees	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	2.0787703999999998	1.6581427	1.4293623	1.3025796999999999	1.2476544000000001	1.2519857999999999	1.273461	1.2896293999999999	1.3035481	1.3156601000000001	1.326146	1.3358570999999999	1.34501	1.3534782000000001	1.3616607000000001	1.3694297	1.3771401999999999	1.3837311000000001	1.3900984000000001	1.3961600000000001	1.4020694	1.4078010000000001	1.4134158000000001	1.4188647000000001	1.4241461	1.4292628999999999	1.4342984999999999	1.4392404999999999	1.4436754000000001	1.4479781	1.452178	Time (days)


Factor of safety




Instantaneous	20	25	30	35	0.64620482999999995	0.75601373999999999	0.88452898999999996	1.0271235000000001	5 days drawdown	20	25	30	35	0.75555981999999999	0.90594558000000003	1.0681605000000001	1.2476544000000001	Internal angle of friction (degrees)


Minimum factor of safety




Factor of safety value	Steady-state	1 m per day	10 days	5 days	Instantaneous	2.3439999999999999	2.1348775999999998	1.8042328999999999	1.7064111	1.5739752	Steady state and drawdown rates


Factor of safety



5E-5 m/s	Instantaneous	5 days	10 days	0.57067489999999998	0.82749901000000003	0.94177449999999996	1E-7 m/s	Instantaneous	5 days	10 days	0.34657357	0.32093961999999998	0.34288541	
Minimum values of FOS




Developed, low intensity	Developed, medium intensity	Developed, high intensity	Wetland	Water	Dense forest	25.334674589999999	13.92127998	0.85757933799999997	56.574251340000004	0.31487494900000002	2.9973398050000002	Land use/land cover class


Coverage (%)



Developed, low intensity	Developed, medium intensity	Developed, high intensity	Wetland	Water	Dense forest	45.440993089999999	28.20369973	0.83163314899999996	23.525273389999999	0.10185007	1.896550569	Land use/land cover class


Coverage (%)



Developed, low intensity	Developed, medium intensity	Developed, high intensity	Wetland	Water	Dense forest	44.432080839999998	25.912579560000001	1.377008368	27.190600419999999	3.7123699000000003E-2	1.0506071079999999	Land use/land cover class


Coverage (%)



Developed, low intensity	Developed, medium intensity	Developed, high intensity	Wetland	Water	2.5082284750000001	54.710233520000003	9.1548146169999995	33.60898495	1.7738437999999999E-2	Land use/land cover class


Coverage (%)



Water	Vegetation	Developed, low intensity	Developed, medium intensity	Developed, high intensity	3632.277513	15754.17599	36482.77246	4003.6960429999999	9865.3505320000004	Land use class


Area (km2)



Water	Vegetation	Developed, low intensity	Developed, medium intensity	Developed, high intensity	1159.432513	14009.5	12833.3465	20007.087009000003	21728.906519000004	Land use class


Area (km2)
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