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Abstract   
The slope steadiness is influenced by slope 

configuration, material characteristics and the applied 

forces interim both internally and externally. These 

forces encompass the impact of water internally 

through pore water pressure, seepage forces and 

externally through hydrostatic and hydrodynamic 

effects. Examining the slope under various levels of 

submergence and drawdown illustrates the significant 

influence of water on slope stability. The presence of 

water develops effective water pressure in open pit 

slopes which is more concerned for slope pit designer 

and geotechnical engineers.  

 

This study tried to discuss about the influence of 

drawdown and rapid drawdown conditions for a mine 

slope stability in the light of slope stability studies 

under hydrogeological characteristics. This study 

includes preliminary generalities considered for 

drawdown conditions like soil properties, hydraulic 

properties and drawdown phenomenon.  
 

Keywords: Drawdown conditions, Slope stability, Pore 

water pressure (PWP), Water seepage. 

 

Introduction 
The stability of a slope inclination is influenced by geometry 

it possesses, material characteristics and the applied forces. 

These forces encompass the impact of water, both internally 

through pore-water pressures and seepage forces, as well as 

externally through hydrostatic and hydrodynamic effects. 

Examining the slope under various levels of submergence 

and drawdown illustrates the significant influence of water 

on slope stability. The presence of water develops effective 

water pressure in open pit slopes which is more concerned 

for slope pit designer and geotechnical engineers5. The rapid 

drawdown scenario is one of the severe loading conditions 

on slopes.  

 

The practical application of engineering reveals that the 

stability of neighbouring slopes can be significantly 

influenced by the conditions of slope drawdown. The 

transient seepage-induced pore water pressure diminishes 

the shear strength along the potential sliding surface, 

potentially leading to slope destabilization. Preventive 

measures are essential in practical engineering to mitigate 

slope instability triggered by rapid drawdown conditions1. 

Considering the negative impact of swift drawdown on slope 

stability, it is essential to incorporate this factor into the 

design of stabilization measures for dam and reservoir bank 

slopes6. The impact of slopes under varying degrees of 

submergence and drawdown was initially quantified4.  

 

Subsequent investigations by researchers17 delved further 

into this aspect. They employed limit-state analyses to 

estimate the factor of safety (FOS) for slopes under different 

conditions, resulting in the development of charts intended 

for practical use by engineers. Elevated reservoir levels 

contribute to slope stability through hydrostatic pressures. A 

decrease in water level results in two effects: diminished 

external hydrostatic pressure, reducing stabilization and a 

shift in internal pore water pressures. To examine drawdown, 

it is categorized into two distinct groups: Flow methods, 

which are suitable for relatively permeable slopes and 

undrained methods, which are employed in slopes with 

impermeable soil. 

 

In the field of geotechnical literature, there is a 

comprehensive discussion of procedures related to rapid 

draw down (RDD) stability analysis for both states. Various 

methods have been outlined for this purpose17. Noteworthy 

examples of approaches utilizing the total stress method 

include the Corps of Engineers Method US Army corps25. 

Additionally, illustrations of approaches employing the 

effective stress approach are those formulated by Berilgen4 

and as well as Duncan et al8. 

 

Preliminary generalities  
The slope stability (SS) relies on factors such as structure 

shape, characteristics of the soil and the internal and external 

dynamic forces acting upon it. The normal preliminaries 

required for slope stability studies under drawdown 

conditions are soil properties, hydraulic properties, 

geometry of the of the slope structure, seismic 

considerations, monitoring structure system, numerical 

modeling. The inter relationship is useful for the estimation 

of conductivity values where direct permeability data are 

sparse such as in the early stages of aquifer exploration, to 

simulate the water flow in the soil. Both in the saturated and 

unsaturated zones, one must be aware of the saturated 

hydraulic conductivity of the soil. The practical 

consequences of rapid drawdown, presenting various case 

histories related to either complete or partial failure of the 

upstream slope3 were also explored.  

 

Soil and Hydraulic properties: The shear strength 

characteristics of unsaturated soils can affect a soil slope's 

stability during a rainy period with a high inrush of water. 
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Numerous studies have investigated the uncertainties 

associated with hydraulic regime for unsaturated soils and 

their impact on the dependability of slopes under during 

precipitation events. Alterations in pore water pressure 

resulting from seepage can induce changes in stresses, 

subsequently causing deformation in the soil. Modifications 

in stress levels will impact the seepage process as the 

alterations in stresses influence soil hydromechanical 

behaviour including porosity, permeability and water 

holding confinement. 

 

Slope stability and rainfall circumstances affecting the 

qualities of the soil are the void ratio which can be used to 

calculate the coefficients of volume change for solids, m1s 

and m2s (equations 1 and 2): 

 

𝑚1 =
1

1+𝑒0
 

𝑑𝑒

𝑑 (𝜎𝑚𝑒𝑎𝑛−𝑢𝑎  )
               (1)  

𝑚2 =
1

1+𝑒0 
 

𝑑

𝑑(𝑢−𝑢𝑤 )
                                                           (2) 

 

For the study of diversity of soil characteristics, the 

examination focuses on assessing the impact of uncertainty 

in the shear strength and hydraulic characteristics of the soil 

on slope deformation and stability. The results show that 

prior to the onset of the storm, minor uncertainty in soil 

strength parameters at the time of the storm contributes to 

the changes in the safety factor (SF). Following rainfall, the 

hydraulic properties of soil come into play, influencing pore 

water pressures and consequently affecting the slope's 

performance.  

 

Monitoring: In mining operations, maintaining safe and 

cost-effective slope geometries is crucial. Slope monitoring 

provides an efficient way to address potential instabilities, 

offering a practical alternative to conservative and costly 

design solutions19,20. In the realm of geomechanics, the 

routine monitoring of slope stability (SS) and rock mass 

movements (RMM) is fundamental. The majority of rock 

slope failures are linked to creep deformation and 

complexity is frequently seen in the causes of instability. 

Accurately predicting the timing of slope failures proves 

challenging21-23. Nevertheless, advancements in modern 

slope monitoring technology now empower the rapid 

scanning of expansive moving slopes within minutes, 

achieving sub-millimetre accuracy15. 

 

The extraction of rocks has the potential to trigger 

movements within the rock mass, necessitating vigilant 

monitoring to avert accidents, to safeguard ore reserves and 

equipment, to avoid mine closures and in some cases, to 

prevent the loss of lives. Considerations such as rock mass 

properties, geological structures and hydrologic conditions 

assume paramount importance in the formulation of a secure 

and efficient mining operation. The implementation of an 

engineered factor of safety becomes imperative for 
regulating equipment damage and mitigating the risk of 

injuries resulting from rockfall and slope failure. Balancing 

this factor of safety is essential to cost control and the 

adoption of steepened pit walls emerges as a strategy to 

minimize operational costs through reduced waste removal. 

As a result, operators at open pit mines are more equipped to 

handle the fallout from slope failures5. 

 
Numerical modelling: Several researchers have delved into 

the assessment of slope stability over the years. While 

numerous methods have been proposed, the limit 

equilibrium method (LEM) and numerical evaluation 

(deformation analysis) stand out as the two primary 

techniques widely employed to evaluate the stability of rock 

inclined slopes10,27.  

 

According to Hoek et al9 the LEM, available for many years, 

is considered a reliable tool for slope design. It can be used 

to assess the beginning of failure in slopes under the worst 

plausible scenario in conjunction with other geotechnical 

analysis techniques, such as the Mohr-Coulomb failure 

criterion14. 

 

Slopes are split into components in the numerical modeling 

approach and the behaviour of the slope is predicted by 

modeling the split parts using the stress-strain relationship 

and deformation parameters. Hammouri et al7 conducted a 

study on systematically reducing the shear strength of 

materials by the factor of safety (FOS) and computed finite 

element method (FEM) models of the slope until 

deformations were deemed unacceptably high. 

 

The numerical modeling method for analysing instability in 

rock slopes has proven instrumental in providing solutions 

for complex scenarios16,17,21. This approach allows for the 

modeling of plausible rock slope failure mechanisms and 

makes a thorough examination of rock slopes easier. 

 

Seepage analysis: Numerical models are employed to 

perform both long-term steady-state and transient analyses 

of seepage in the study.  The mathematical representation of 

the governing differential equation for two-dimensional 

seepage is articulated as24:  

 
𝜕

𝜕𝑥
(𝑘𝑥

𝜕𝐻

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘𝑦

𝜕

𝜕𝑦
) + 𝑄 =

𝜕∅

𝜕𝑡
                                    (3) 

 

where H is total head, kx is the hydraulic conductivity (K) in 

the x-direction, ky is the hydraulic conductivity (K) in the y-

direction, Q is the applied boundary flux, 𝛩 is the volumetric 

water content and time is t. 

 

Primarily, this equation relates the water flow across a two-

dimensional elemental volume in both the x and y directions, 

along with the boundary flux, to the volumetric water 

content, considering the variability of time. The analysis of 

stress and deformation in earth structures can be conducted 

through the utilization of the different numerical modelling 

programmes like SIGMA/W. This program follows a finite 

element approach, offering a comprehensive formulation 

that allows for the examination of both straightforward and 

intricate problems.  
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Express the directional strain vector along three axes 

utilizing engineering shear strain in the following manner:  

 

{𝜀} = {

𝜀𝑥
𝜀𝑦
𝜀 𝑧 
𝛾𝑥𝑦

}                                                                     (4) 

 

In the case of two directions, it is presumed that the strain 

vector in the z-direction (𝜀𝑧) is negligible. Displacements in 

the field occur due to variations in stress and are directly 

associated with the strain vector.  

 

The strain matrix for two directions is articulated as2:  

 

{𝜀} = [𝐵] {
𝑢
𝑣
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{
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where [𝐵] is the strain matrix, u is the relocation of nodes in 

x- direction and v is relocation of nodes in y- direction. 

 

Drawdown Phenomenon for Slope failure 
In the context of mine slope stability, a drawdown scenario 

refers to the lowering of the water level in a pit or mine 

which can have significant implications for slope stability. 

Any soil slope experiences a drawdown condition when its 

outer slope is partly or totally submerged and a sudden 

decrease of the free water level occurs after a long period of 

average water level as shown in fig. 1. Under normal 

conditions, the water level plays a crucial role in stabilizing 

the forces exerted on the slope. Nevertheless, in the event of 

a sudden drawdown, the slope undergoes two primary 

effects.  

 

Initially, there is a decrease in the external hydrostatic 

pressure responsible for stabilization and subsequently, there 

is a alteration in the internal water pressure15. In the 

examination of slope stability analysis under drawdown 

conditions, the focus is primarily on two scenarios: (1) when 

the internal section of the free surface is horizontally 

positioned at the level just before the initiation of water 

drawdown, or during a gradual drawdown or partial 

submergence, wherein the internal section of the free surface 

has stabilized at the new level20. 

 

The configuration of the slope, the characteristics of the soil 

and the forces exerted on it, both internally and externally by 

the slope structure, contribute to its overall geometry. 

Internal and external forces, such as pore pressure and 

surface water pressure, are instances that can impact the 

slope stability, with potential implications from both 

hydrostatic and hydrodynamic viewpoints4.  

 

Because of changes in the water level, the slope experiences 

the development of both seepage-generated pore pressures 

caused by transient flow and stress-induced excess pore 

pressures. Over time, these excess pore pressures dissipate, 

leading to consolidation26. The dissipation rate of elevated 

pore pressures and the reduction in seepage-induced pore 

pressures are contingent upon the drawdown rate as well as 

the hydraulic conductivity and compressibility nature of the 

slope materials18. 

 

In soils characterized by high permeability, stress-induced 

pore pressures typically dissipate during drawdown. 

Conversely, in soils with low permeability, there is a 

disparity in the dissipation rates between seepage-generated 

and stress-induced pore pressures in response to external 

water level changes. As a result, either partial or total 

undrained soil behaviour is likely to be observed. 

 

Application of Geo-studio for Slope Study Analysis: Geo-

Studio is a professional simulation and calculation software 

that has evolved over decades. Its development began in the 

1970s under the guidance of Professor Fredlund. Today, after 

more than 60 years of continuous improvement, it is 

recognized as a leading software in geotechnical 

engineering, renowned for its precision, efficiency and 

comprehensive functionality. 

 

 
Figure 1: Schematic line diagram of drawdown condition for slope analysis9. 
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This versatile software is widely used across various 

engineering disciplines including: 

 

 Slope stability analysis and support 

 Mechanical properties of unsaturated soils 

 Groundwater seepage analysis 

 Impact of drainage ditches and water injection wells on 

seepage flow.  

 

Case studies from literature 

a) Case study of Xinchang slope in Lanping County, 
Yunnan Province, China24: GEO-Studio software is 

applied to simulate and analyse the slope stability under 

different rainfall conditions. The software is utilized to 

explore various aspects of slope mechanics including the 

seepage field, stress field, displacement field and stability 

coefficient of the slope. Specifically, the study employs three 

modules of GEO-Studio: SEEP/W for seepage analysis, 

SIGMA/W for volumetric stress analysis and SLOPE/W for 

slope stability analysis. The research focuses on 

understanding how internal seepage changes affect slope 

stability, particularly in the context of dynamic rainfall 

conditions.  

 

The findings indicate that the volumetric water content and 

saturation of shallow soil increase rapidly with rainfall, 

leading to changes in pore water pressure, shear stress and 

total displacement, which ultimately influence the stability 

coefficient of the slope. The software's capabilities allow for 

a comprehensive evaluation of these factors, providing a 

theoretical foundation for assessing slope stability and 

designing prevention and control measures for similar 

engineering cases 13.  

 

b) Analysis of seepage for Kongele earth dam of Bagdad, 
Iraq8: Geo-Studio utilizes the finite element method (FEM) 

to analyse seepage, allowing for detailed modelling of 

complex geometries and material properties of the dam. This 

method helps in accurately predicting the flow of water 

through the dam and its foundation under different scenarios, 

such as when the reservoir is empty or at normal and 

maximum water levels10. The software enables the analysis 

of steady-state conditions, which is essential for 

understanding the long-term behavior of seepage through the 

dam. This includes defining hydraulic conductivity for 

different parts of the dam and setting appropriate boundary 

conditions.  

 

SEEP/W provides tools for visualizing the results of the 

seepage analysis including the phreatic line, pore water 

pressure distribution and hydraulic gradients. This 

visualization aids in understanding the flow paths and 

potential areas of concern within the dam structure.  

 

c) Geo Studio software to analyse the soil slope of 

Kottayam County, Kerala province, India: This study 

engages with the analysis of soil slope stability utilizing 

GeoStudio software, assessing various parameters such as 

height, inclination and water level that impact soil stability. 

The research focuses on a specific area in Elamkadu, 

Kottayam, which has experienced notable landslides, 

particularly in 2018 and 2021. By applying geotechnical 

engineering principles, the research focuses on a specific 

area in Elamkadu, Kottayam, which has experienced notable 

landslides, particularly in 2018 and 2021. By applying 

geotechnical engineering principles, soil samples were 

collected and subjected to laboratory testing to ascertain key 

properties. The data gathered were instrumental in 

calculating the Factor of Safety (FOS) across different 

conditions, with particular emphasis on changes in slope 

height, angle and water level, thus illustrating the 

relationship between these factors and soil stability.  

 

d) Khassa Chai Dam in Iraq: A numerical approach 

through the Finite Element Method (FEM) analysed the 

mechanisms of seepage and the resultant slope stability 

under different evacuation scenarios. Utilizing a numerical 

approach through the Finite Element Method (FEM), the 

study analysed the mechanisms of seepage and the resultant 

slope stability under different evacuation scenarios.  

 

GeoStudio software was used to quantify water flux 

dynamics and the impact of varying drawdown rates on 

stability, revealing that prolonged or rapid drawdown 

significantly threatens the integrity of the dam's upstream 

slope7. The study enumerated specific scenarios, 

highlighting that longer drawdown periods often allow for 

sufficient time for pore water pressure dissipation, 

mitigating some adverse effects compared to rapid 

evacuations12. 

 

Conclusion 
The stability of slopes under drawdown and rapid drawdown 

conditions is a multifaceted issue influenced by several key 

factors. The interplay between soil properties, hydraulic 

characteristics, slope geometry and external forces, 

including changes in water levels, creates a complex 

environment that can lead to slope failures. Understanding 

and monitoring these variables are crucial for predicting and 

mitigating the risks associated with slope instability in such 

conditions. 

 

 The stability of a slope is heavily impacted by factors 

such as slope geometry, soil characteristics, applied 

forces and the presence of water, having a significant 

impact. 

 Drawdown and rapid drawdown conditions impose 

severe loading on slopes, leading to slope failures. 

Changes in water levels, whether elevated or reduced, 

contribute to these failures by exerting hydrostatic 

pressures. 

 Factors influencing drawdown conditions encompass 

soil properties, hydraulic characteristics, slope 
geometry, structural attributes, seismic considerations, 

monitoring systems and numerical modeling. 
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 In drawdown conditions, soils are characterized by high 

permeability typically dissipate stress-induced pore 

pressures. 

 In soils with low permeability, there will be a difference 

in the rates of dissipation between seepage-induced and 

stress-induced pore pressure when reacting to external 

changes in water levels. 

 

These conditions result in significant loading on slopes, 

creating a dynamic environment where hydrostatic and 

seepage pressures vary. Understanding these behaviours is 

essential for slope design optimization. By investigating 

these factors, mine slope designs can be optimized to 

improve stability and reduce failure risks. Monitoring 

systems and numerical modelling also aid in real-time risk 

assessment and management. 

 

Slope stability analysis under drawdown conditions can be a 

great influence in understanding the soil behaviour which 

helps to better optimum mine slope designs. 

 

Acknowledgement 
The authors would like to thank for the facilities provided 

by National Institute of Technology Karnataka, Surathkal, 

India. 

 

References  
1. Abramson L.W., Lee T.S., Sharma S. and Boyce G.M., Grouping 

slope stability methods using advanced analysis, Slope Stability 

and Stabilization Methods, Wiley, New York, 7(6), 35-51 (2002) 

 

2. Al-Labban S., Seepage and stability analysis of earth dams under 

drawdown conditions using the finite element method, Doctoral 

dissertation, University of Central Florida, Orlando (2018) 

 

3. Al-Zoubi M.S., Stability of embankment dams following 

reservoir drawdown, University of Illinois at Urbana-Champaign 

(2000) 

 

4. Berilgen M.M., Investigation of stability of slopes under 

drawdown conditions, Computers and Geotechnics, 34(2), 81-91 

(2007) 

 

5. Caccioppoli C., Securing and monitoring of tourist routes: The 

case of Chianocco Gorge, Doctoral Dissertation, Politecnico di 

Torino, 24(1), 1-120 (2024) 

 

6. Duncan J.M., Wright S.G. and Brandon T.L., Soil Strength and 

Slope Stability, John Wiley & Sons, 34(2), 81–95 (2014) 

 

7. Hammouri N.A., Malkawi A.I. and Yamin M.M., Stability 

Analysis of Slopes Using the Finite Element Method and Limiting 

Equilibrium Approach, Bulletin of Engineering Geology and the 

Environment, 67(47), 101–115 (2008) 

 

8. Hashim S.H. and Al-Hadidi M.T., Stability of Kongele Earth 

Dam Against Rapid Drawdown of Water from Reservoir, AIP 

Conference Proceedings, 2651(1), 305–315 (2023) 

 

9. Hoek E., Read J., Karzulovic A. and Chen Z.Y., Rock Slopes in 

Civil and Mining Engineering, Proceedings of the International 

Conference on Geotechnical and Geological Engineering, Geo 

Eng, 30(36), 201–215 (2000) 

 

10. Johansson J., Impact of Water-Level Variations on Slope 

Stability, Luleå University of Technology, 30(36), 201–215 (2014) 

 

11. Khassaf S.I. and Madhloom A.M., Effect of impervious core on 

seepage through zoned earth dam case study: Khassa Chai dam, Int 

J Sci Eng Res, 8(2), 1053-64 (2017) 

 

12. Kolapo P., Oniyide G.O., Lawal A.I., Onifade M. and Munemo 

P., An Overview of Slope Failure in Mining Operations, Mining, 

30(36), 201–215 (2022) 

 

13. Kothari U.C. and Momayez M., New approaches to 

monitoring, analyzing and predicting slope instabilities, Journal of 

Geology and Mining Research, 10(1), 1-4 (2018) 

 

14. Lawrence Von Thun J., San Luis Dam upstream slide, Int Conf 

on Soil Mech Found Eng., 1(1), 2593–2598 (1985) 

 

15. Lowe J. and Karafiath L., Stability of earth dams upon 

drawdown, In Proceedings of the first Panamerican conference on 

soil mechanics and foundation engineering, Mexico City, 2, 537–

52 (1960) 

 

16. Paronuzzi P., Rigo E. and Bolla A., Influence of filling–

drawdown cycles of the Vajont reservoir on Mt. Toc, slope stability, 

Geomorphology, 19(1), 75–93 (2013) 

 

17. Pinyol N.M., Alonso E.E. and Olivella S., Rapid drawdown in 

slopes and embankments, Water Resources Research., 44(5), 1-22 

(2008) 

 

18. Reddy S.K., Monitoring and Prediction of Slope Failure 

Instability in a Limestone Mine, Journal of Mines, Metals & Fuels, 

171(2), 163-170 (2023) 

 

19. Reddy S.K., Paul J. and Kumar P.P., Application of slope 

stability radar in an opencast mine, J Min Eng Assoc India, 19(5), 

10-3 (2017) 

 

20. Reddy S.K. and Babu A.R., Slope stability studies in open pit 

mines-A case study. ISRM India Journal-Half Yearly Technical, 

Journal of Indian National Group of ISRM, 7(2), 36-40 (2018) 

 

21. Reddy S.K., Analysis of fault’s effect on the highwall stability 

of medapalli open pit coal mine, Geotechnical and Geological 

Engineering, 41(5), 2969-86 (2023) 

 

22. Reddy S.K., Stability Assessment and Optimal Excavated 

Design of a Rock Slope in an Opencast Limestone Mine, Journal 

of Mines, Metals & Fuels., 71(2), 141-148 (2023) 

 

23. Stead D., Eberhardt E. and Coggan J., Developments in the 

characterization of complex rock slope deformation and failure 

using numerical modelling techniques, Eng. Geol., 8(3), 217–235 

(2006) 

 

24. Tan Y.L., Cao J.J., Xiang W.X., Xu W.Z., Tian J.W. and Gou Y., 

Slope stability analysis of saturated–unsaturated based on the 

GEO-studio, a case study of Xinchang slope in Lanping County, 

Yunnan Province, China, Environmental Earth Sciences, 82(13), 

322 (2023) 



     Disaster Advances                                                                                                                            Vol. 18 (5) May (2025) 

https://doi.org/10.25303/185da2220227      227 

25. U.S. Army Corps of Engineers, Engineering and design: Slope 

stability, Engineer Manual, 30(5), 45-78 (2003) 

 

26. Utepov Y.B., Mkilima T., Aldungarova A.K., Shakhmov Z.A., 

Akhazhanov S.B., Saktaganova N.A., Abdikerova U.B. and 

Budikova A.M., Delving into Earth Dam Dynamics, Exploring the 

Impact of Inner Impervious Core and Toe Drain Arrangement on 

Seepage and Factor of Safety during Rapid Drawdown Scenarios, 

Infrastructures, 8(10), 148 (2023) 

27. Zhu J., Xue Y., Tao Y., Zhang K., Li Z., Zhang X. and Yang Y., 

The Numerical Simulation on the Stability of Steep Rock Slope by 

DDA. Bydgoszcz, Poland, AIP Conf. Proc., 18(39), 020134 

(2017). 

 

(Received 22nd January 2025, accepted 20th February 2025) 

 

*****

 


