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	 	 	 Dear Ladies and Gentlemen,
	 	 	 Dear Colleagues,
	 	 	 Dear Guests,

I am pleased on behalf of the Organizing Commit-
tee to congratulate the participants in the XII Interna-
tional Geomechanics Conference.   

This year’s edition of the conference is the twelfth, 
and the conference has been held for more than 27 years, which proves the 
authority and significance of this scientific forum. The theme of the conference 
this year is “Geomechanics in a Changing Engineering Environment”.

The conference topics include the entire spectrum of fundamental is-
sues related to the physical and mechanical properties of rocks and soils, the 
stress–strain state of rock massifs and soils, measurements in geomechanics 
and remote methods, stability assessment, blasting and seismic impacts, dy-
namic manifestations of rock pressure, ecology and environmental protection, 
and artificial intelligence. This actual thematic topics provoked your interest 
again and we suggest to your attention these scientific papers, presented on 
the conference.

I would like to express my sincere gratitude to the Golden Sponsor Geo-
techmin Group - Geotechmin OOD, Ellatzite-Med AD, Geotrading AD, Geos-
troy AD and Silver Sponsor - Assarel Medet AD.

The discussion of research results during the conference will provide op-
portunities for the application of geomechanical methods related to the de-
velopment and use of underground space in the mining industry, construc-
tion, industrial and public buildings, transport facilities, and others.

We look forward to meeting you at the XIII International Geomechanics 
Conference!

Be healthy and good luck!

					     Assoc. Prof. Dr. Eng. Kremena Dedelyanova
					     Chairperson of the Organizing Committee
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ENGINEERING-GEOLOGICAL ANALYSIS OF THE STABILITY OF THE FINAL SLOPES IN MARL MINES 

Radmila Karanakova Stefanovska1, Zoran Panov1, Risto Popovski1, Blagica Doneva1
1University Goce Delcev, Faculty of natural and technical science, Stip, Republic of Macedonia, 

radmila.karanakova@ugd.edu.mk 

ABSTRACT 
The stability of final slopes represents one of the key factors for the safe and economically sustainable 
exploitation of mineral resources in surface mines. This paper presents an analysis and assessment of the 
stability of final slopes in a mine of marl, with particular emphasis on the geomechanical properties of the 
material and the influence of hydrogeological conditions. Interactive limit equilibrium methods were applied 
using the student version of the GeoStudio (Slope/W) software, with the aim of determining the factor of safety 
and enabling more effective and reliable recultivation of final slopes of the open pit. 
Keywords: marl, slope stability, Geostudio, engineering-geological analysis, final slopes

INTRODUCTION

Slope stability represents one of the key factors for the safe and economical operation of surface mines. 
Particular attention should be given to the analysis of final slopes, which remain as permanent 
geomorphological features after the completion of mining activities and may represent a potential source of 
geotechnical hazards. Their stability directly affects environmental safety, the protection of surrounding 
infrastructure, and the potential of land reclamation. 
Marl, as a sedimentary rock composed of varying proportions of clay and carbonate materials, exhibits specific 
engineering-geological and geomechanical characteristics. Its pronounced sensitivity to water, susceptibility to 
weathering, and reduction of strength parameters under saturated conditions make this material particularly 
critical in the design and construction of mine slopes. Furthermore, the presence of discontinuities, bedding 
planes, and tectonic disturbances may significantly reduce the stability of slopes in marl deposits. 
The formation of final slopes is influenced by numerous factors, including geological structure, hydrogeological 
conditions, slope geometry, mining technology, and various external influences. Therefore, the application of 
modern engineering-geological investigation methods and geomechanical modelling techniques is essential to 
obtain a realistic assessment of the factor of safety and to define appropriate stabilization measures. 
The aim of this study is to perform an engineering-geological analysis of the stability of final slopes in marl 
surface mines by determining the relevant geological and geomechanical parameters and incorporating them 
into analytical and numerical models. The research examines the key factors affecting slope stability, 
evaluates the factor of safety through stability analyses, and proposes technical measures to improve the long-
term stability of final mine slopes. 

GEOLOGICAL AND ENGINEERING-GEOLOGICAL CHARACTERISTICS OF MARL AS A GEOLOGICAL 
MEDIUM

Marl is most commonly found within sedimentary basins, where it forms stratified sequences of varying 
thickness and continuity. It consists of a mixture of clay minerals and calcite, and the proportion of these 
components determines its classification and engineering properties. An increase in the clay content makes 
the material less resistant and more plastic, whereas a higher carbonate content results in greater strength 
and brittleness. 
From a stratigraphic perspective, marl occurs as layers of different thicknesses, frequently interbedded with 
clay, limestone, or sandstone. These interlayers create a heterogeneous geological environment, which 
represents an important factor in slope stability analyses. The marl rock mass is commonly affected by various 
tectonic structures, such as joints, faults, and bedding discontinuities. These discontinuities reduce the overall 
strength of the rock mass and may act as potential slip surfaces. Of particular importance are weak zones that 
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can be activated by external factors such as water infiltration, blasting-induced vibrations, and other dynamic 
loads. 
In general, marl exhibits low to moderate permeability; however, its mechanical behaviour changes 
significantly when saturated with water. The presence of water leads to a reduction in shear strength 
parameters, an increase in plasticity, and progressive degradation of the marl structure. Infiltration of surface 
water, together with the presence of groundwater, may generate pore water pressure, which directly reduces 
the effective stress within the rock mass and consequently decreases the stability of mine slopes. 

GEOMECHANICAL CHARACTERISTICS OF MARL

In slope stability analyses, the most influential factors are the physical-mechanical prarameters, strength 
parameters, and deformation characteristics of the rock mass. These parameters serve as input data for 
analytical and numerical models used to calculate the factor of safety. 
Physical-mechanical parameters 
The most important physical-mechanical parameters include natural density, unit weight, porosity, moisture 
content, degree of saturation, and permeability. These properties primarily depend on the relative proportions 
of the carbonate and clay components, as well as on the degree of compaction of the material. 
Strength parameters 
The Mohr–Coulomb failure criterion is most commonly used to define the shear strength of marl. According 
to this criterion, shear strength is determined by two fundamental parameters: 
- Cohesion (c)
- internal friction angle ( )- the component of shear strength generated by friction between particles.
In engineering practice, the following approximate values are commonly adopted for marl: 

Parameter Typical range 
Cohesion ( ) 50-300 Pa

Internal friction angle ( ) 200-350

Deformation characteristics 
Deformation properties are essential for evaluating the displacements and stress distribution within a slope. 
The most important deformation parameters include: 

Young's modulus (E);
Poisson's ratio ( );
Deformation modulus;
Compressibility.

Young's modulus represents the stiffness of the material. The higher the value of Young's modulus, the smaller 
the deformations under the same loading conditions. In marl, Young's modulus may vary considerably, typically 
ranging from 0.5 to 10 GPa, depending on the degree of fracturing and the compactness of the rock mass. 
Poisson's ratio generally ranges between 0.20 and 0.35, indicating a moderate degree of lateral deformation 
under loading. Due to the pronounced heterogeneity of marl, these parameters are usually determined through 
laboratory testing and in-situ geotechnical investigations. Accurate determination of these properties is 
essential for reliable numerical modelling and for obtaining realistic assessments of slope stability under 
various geological and hydrogeological conditions. 
Factor of safety 
Every slope stability analysis produces a single numerical value that indicates the degree of safety against 
slope failure or sliding under the specified conditions. This value is referred to as the factor of safety (FoS),
safety coefficient, or safety factor. The factor of safety can be expressed as the ratio of resisting forces to 
driving forces or, alternatively, as the ratio of resisting moments to driving moments. 
In geotechnical engineering, the analysis of slope stability and bearing capacity begins with the assumption of 
a potential failure surface or slip surface, after which the resisting forces acting along that surface are 
calculated and compared with the forces promoting failure. 

94



 

Proceedings of the XII International Geomechanics Conference 
7 – 11 September 2026, Varna, Bulgaria 

 

Table 1 presents the recommended ranges of the factor of safety for different types of geotechnical structures, 
as proposed by Jumikis, Terzaghi i Peck. 

Table 1 Recommended Factors of safety 
Type of structure F 

Cut slope 1.1-1.5 
Dam 1.15-1.7 
Waste dump 1.0-1.5 
Surface mine slope 1.1-1.5 

Several methods are available for the geotechnical analysis of slope stability, including the Method of Slices,
the Bishop method, the Janbu method, and the Spencer method. Among these, the Bishop simplified 
method is one of the most widely used limit equilibrium methods due to its balance between computational 
efficiency and accuracy, making it particularly suitable for the analysis of circular failure surfaces in 
homogeneous and moderately heterogeneous slope conditions. 

STABILITY ANALYSIS OF FINAL SLOPES IN A MARL SURFACE MINE

One of the primary objectives of this study is to evaluate the geotechnical stability of the final benches in a 
marl surface mine. A case study of a typical open-pit marl mine was considered, where the highest bench 
elevation is 450 m above sea level (a.s.l.), while the lowest bench is located at 390 m a.s.l.. The bench 
height was set at 10 m, the working bench face angle was adopted as 42°, whereas the overall final slope 
angle of the inactive slopes was designed to be less than 30°. During the formation of the final pit limits, 8 m 
wide safety berms were incorporated to improve long-term slope stability. Temporary haul roads were 
designed with a maximum longitudinal gradient of 7% and a minimum curve radius of 20 m, in accordance with 
standard surface mining practice. 

Fig.1 View of the surface mine slopes from southwest 

Fig.2 View of the surface mine slopes from the southeast 
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The geotechnical stability analysis of the final pit slopes was carried out using the student version of the 
GeoStudio Slope/W software package. The calculations were performed using the Bishop simplified 
method, one of the most widely applied limit equilibrium methods for circular slope stability analysis. 
Two separate analyses were conducted to evaluate the stability of the final slope under different 
hydrogeological conditions. The first analysis considered a dry slope condition, assuming no groundwater 
influence and using the predefined geomechanical properties of the marl. The second analysis included a 
hypothetical piezometric line, representing groundwater conditions within the slope, in order to assess the 
influence of pore water pressure on slope stability. The geomechanical parameters adopted for the stability 
analyses were as follows: 

c=5kPa, cohesion 
=490, internal friction angle 
=18 kN/  Unit weight 

.

Fig.3 Geotechnical model of the final slope with defined geometry and physical-mechanical properties of marl 

Figure 3 presents the geotechnical model of the final slope of the marl surface mine developed using the 
GeoStudio Slope/W software package. The model represents the actual geometry of the final slope, 
consisting of several benches with a height of 10 m, resulting in a total elevation difference of approximately 
80 m (from elevation 390 m to approximately 470 m). The slope is composed of working benches and safety 
berms, with the geometry designed to ensure the long-term stability of the open pit after the completion of 
mining operations. 
The analysis was performed using the Mohr–Coulomb failure criterion, one of the most widely applied 
constitutive models in engineering-geological and geotechnical analyses of rock masses. The model 
incorporates the physical and mechanical properties characteristic of marl, which define the shear strength of 
the rock mass and serve as the primary input parameters for calculating the factor of safety. 
The model shows a continuous slope geometry without abrupt changes in inclination, contributing to a more 
uniform distribution of stresses within the rock mass. The incorporation of safety berms reduces the overall 
effective slope angle, provides storage for potential rockfall material, and facilitates surface water drainage, 
thereby reducing the likelihood of localized slope failures. 
This model represents the initial stage of the geotechnical stability analysis, in which both the geometric 
configuration and the geomechanical properties of the open pit are defined.
Based on this model, the subsequent analysis involves the determination of the critical slip surface and the 
calculation of the factor of safety using the Bishop simplified method. The obtained results provide an 
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assessment of the stability of the final slope and serve as the basis for optimizing the slope geometry and 
defining appropriate measures to ensure the long-term safety and stability of the surface mine. 
Figure 4 shows the computational mesh and the search radii used to generate the potential slip surfaces for 
which the factors of safety of the final slope will be calculated 

Fig.4 Geotechnical model with computational mesh and potential slip surfaces in GeoStudio Slope/W 

Figure 4 presents the geotechnical model of the final slope prepared for stability analysis using the 
GeoStudio Slope/W software package. After defining the slope geometry and assigning the physical and 
mechanical properties of the marl, the model was discretized using a computational mesh, enabling a more 
accurate numerical evaluation of the stress distribution and potential failure mechanisms within the rock mass. 
The lines shown in the model represent the potential slip surfaces generated by the software during the search 
for the critical failure mechanism. By automatically generating a large number of possible slip surfaces, the 
program identifies the one associated with the lowest factor of safety, which represents the most critical 
stability condition. This approach provides a realistic assessment of the possible failure mechanisms and 
allows for reliable identification of the critical state of the rock mass. 
The model indicates that the potential slip surfaces develop mainly through the toe and the central part of the 
slope, which is characteristic of homogeneous materials analyzed using circular slip surfaces according to the 
Bishop simplified method. This type of analysis makes it possible to evaluate whether the selected geometry 
of the final slope provides an adequate level of stability during the operational phase of the mine as well as 
after mine closure. 
The developed numerical model serves as the basis for determining the final factor of safety and evaluating 
the overall stability of the final slope. The results obtained from this analysis can be used to optimize the slope 
geometry, modify the slope angle where necessary, implement appropriate drainage systems, and introduce 
other engineering measures aimed at ensuring the long-term stability and safety of the surface mine. 
Figure 5 presents the results of the slope stability analysis under dry conditions, showing the factor of safety of 
the potential slip surfaces in the absence of groundwater. 
Figure 5 presents the results of the stability analysis of the final slope, in which the factor of safety was 
calculated for multiple potential slip surfaces under dry ground conditions, i.e., in the absence of 
groundwater and without the influence of pore water pressure. The analysis was performed using the Bishop
simplified method, whereby the software automatically generated a large number of possible circular slip 
surfaces and identified the most critical failure mechanism. The contour plot illustrates the distribution of the 
factor of safety, with different colors representing different levels of slope stability. Most of the analyzed model 
is shown in dark black, indicating high values of the factor of safety and a stable slope condition. 
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The results indicate that the minimum factor of safety is FS = 2.343, which is significantly higher than the 
minimum recommended values for permanent slopes in surface mines (typically FS  1.30–1.50). This 
demonstrates that, under dry conditions, the rock mass possesses sufficient shear strength and that there is 
no risk of global failure of the final slope. 

.5  (
).

The high factor of safety is attributed to the appropriately selected slope geometry, the relatively favorable 
slope angle, and the adopted geomechanical properties of the marl. In the absence of water infiltration, no 
pore water pressure develops to reduce the effective stresses within the rock mass, allowing the shear 
strength to remain at its maximum value. The obtained results indicate that the designed geometry of the final 
slope satisfies the criteria for long-term stability under dry conditions. 
However, this represents an idealized scenario, since in actual field conditions rainfall infiltration and 
groundwater may significantly reduce the factor of safety. Therefore, the subsequent analysis considers the 
influence of the groundwater table and the saturation of the marl in order to obtain a more realistic assessment 
of the long-term stability of the final slope. 
Figure 6 presents the results of the stability analysis of the final slope under groundwater conditions,
represented by an assumed piezometric line incorporated into the geotechnical model. The analysis evaluates 
the influence of pore water pressure on the stability of the rock mass. 

Fig.6 Results of the stability analysis of the final slope with an applied piezometric lines 
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By introducing the piezometric line into the model, a condition is simulated in which part of the rock mass is 
saturated with water. Under such conditions, pore water pressure occurs, which reduces the effective stresses 
in the material and consequently decreases its shear strength. As a result, the factor of safety is reduced, and 
the probability of slope instability increases. 
From the results shown in the figure, it can be observed that the minimum factor of safety is FS = 1.233, which 
represents a significant reduction compared to the dry condition analysis, where the factor of safety was FS = 
2.343. This reduction is a direct consequence of the influence of groundwater, which decreases the strength of 
the marl and facilitates the activation of potential slip surfaces. The contour plot of the factor of safety shows 
that the most unfavorable conditions occur at the toe and the central part of the slope, where the highest pore 
pressures are concentrated and where there is the greatest potential for the development of a critical slip 
surface. These zones are indicated by warm colors (red and orange), while the stable parts of the model are 
represented by green and blue shades. 
The obtained factor of safety value is lower than the recommended value for permanent final slopes (FS
1.30–1.50), indicating that under such hydrogeological conditions there is an increased risk of instability. 
Although the slope is not in a state of immediate failure, its stability is significantly reduced and additional 
stabilization measures should be considered. 
The results clearly confirm the high sensitivity of marl to the presence of water. Therefore, in the design and 
operation of surface mines, it is of particular importance to ensure an efficient surface and groundwater 
drainage system, control of atmospheric water infiltration, and continuous geotechnical monitoring. The 
implementation of such measures enables the reduction of pore pressures, an increase in the factor of safety, 
and the long-term stability of final slopes. 

CONCLUSION

The engineering-geological analysis of the stability of final slopes in a marl open-pit mine has shown that slope 
geometry, geomechanical properties of the rock mass, and hydrogeological conditions are key factors 
determining its long-term stability. Due to the specific properties of marl, particularly its sensitivity to the 
presence of water, it is necessary to consider these factors already in the design phase of the final slopes. 
By applying the limit equilibrium method (Bishop) in the GeoStudio Slope/W software package, two 
characteristic conditions were analyzed: a dry slope and a slope with an assumed piezometric line. Under 
conditions without groundwater presence, a minimum factor of safety of FS = 2.343 was obtained, indicating 
that the designed geometry of the final slope provides a high level of stability and meets the criteria for safe 
operation and long-term security. 
On the other hand, the analysis with an applied piezometric line showed a significant reduction in the factor of 
safety to FS = 1.233. This result confirms that the presence of groundwater and the development of pore water 
pressure have a considerable negative impact on the stability of marl, as they lead to a reduction in effective 
stresses and shear strength. Although the analyzed slope does not show an immediate failure condition, the 
obtained value indicates that under such conditions additional stabilization measures are necessary. The 
results of the study emphasize the importance of proper definition of slope geometry, accurate determination 
of geomechanical parameters, and adequate assessment of hydrogeological conditions in the design of open-
pit mines. 
The obtained results confirm that the application of modern numerical methods, such as GeoStudio Slope/W, 
represents a reliable and efficient tool for assessing the stability of final slopes. Such analyses enable timely 
identification of potential risks, optimization of slope geometry, and the development of engineering solutions 
that ensure safe, economical, and long-term sustainable exploitation of marl open-pit mines. 
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