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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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PHYSICAL - MECHANICAL CHARACTERISTICS OF SECONDARY QUARTZITES FROM THE LOCALITY 
"CRN VRV" AS A MATERIAL FOR ROAD TAMPON 

Blagica Doneva1, Gorgi Dimov1, Radmila Karanakova Stefanovska1
1Goce Delcev University, Faculty of natural and technical sciences, Stip, blagica.doneva@ugd.edu.mk 

ABSTRACT 
The paper presents the physical and mechanical characteristics of secondary quartzites from the "Crn Vrv" 
locality, which is located southwest of Kratovo, in the Kratovo-Zletovo volcanic area, Republic of North 
Macedonia.
Secondary quartzites or silexes are a product of hydrothermal alterations in rocks of intermediate composition 
(andesites, andesitic tuffs and breccias).
The examination of the physical and mechanical characteristics of the material, its chemical composition, as 
well as special analyses of the crushed material, showed that the material can be used in construction as a 
tampon material for roads and also as an aggregate for mineral mixtures of concrete. 
Keywords: Quartzites, tampon material, physical and mechanical characteristics, chemical composition. 

Introduction

Within the volcanic rock complex, in the Kratovo-Zletovo volcanic area, in NE Macedonia, several 
localities are known in which significant masses of strongly silicified rocks are encountered, extending from the 
extreme NW part of this area: near the village of Beljakovci, Sopsko Rudari, and across the hills: Borovik, Cmi 
Vrv, Plavica and Ozren, to the village of Tursko Rudari and Spancevo, in its extreme SE part. In addition to the 
aforementioned, strongly silicified rocks are also present in other localities in this area, but there they occur in 
smaller concentrations and with lower intensity. 

Although these rocks were formed as a result of hydrothermal silicification /in a broader sense/, they are 
not uniform, they differ significantly from each other, both in terms of composition and in terms of physical and 
mechanical characteristics. Specific and particularly favorable chemical, mineralogical-petrographic and 
physical and mechanical characteristics are possessed by the siliceous hydrothermal rocks in the central part 
of the Kratovo-Zletovo volcanic area /in the vicinity of Kratovo/, especially on the Plavica and Cmi Vrv 
mountains. The Plavica and Crn Vrv mountains represent the extreme western parts of the Osogovo massif, 
and are located about 7 km SE (Crn Vrv) and 3 km south (Plavica) of Kratovo, and at a distance of about 5 km 
from each other. 

In the geological literature, these rocks are known under several different names, such as: silex, 
secondary quartzites, metasomatic quartzites, orthoquartzites, hydrothermal quartzites - hydroquartzites, 
alumoquartzites, monoquartzites, kazakhites, secondary alumoquartzites, etc. In our geological literature, 
these rocks are most often referred to as "secondary quartzites". This term refers to the products of 
hydrothermal altertions of the rocks in the volcanic apparatuses, which are formed in the stage of calming 
down of volcanic activity and which are naturally found in the complex characterized by the constant presence 
of quartz (partially chalcedony and opal) and a certain amount of impurities from other minerals. However, in 
our professional, especially commercial terminology, this specific mineral raw material has been known for a 
long time under the name - silex. 

. Secondary quartzites (silex) as mineral raw material have large uses in ceramic and similar industries for 
coating grinding mills, in abrasive industry for production of flint – paper, as “sand” for cutting decorative 
stones, as material for making containers for aggressive chemicals, in electrical – chemical industry for 
obtaining ferro – silica or silica metal. For all these products can be used only high quality silexes which beside 
favorable chamical composition should have favorable physical – mechanical properties, and such are those in 
the "Crni Vrv" deposit, which have been exploited for several decades. 
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Fig. 2: Geological map of the vicinity of the investigated area [1, 2]

Geological features of the deposit

The area of the central part of the Kratovo - Zletovo volcanic area, in which the "Crni Vrv" deposit is 
located, is composed of a complex of volcanic, subvolcanic and volcanogenic-sedimentary formations, the 
composition of which corresponds to a granodioritic magma, or its equivalents - dacites and andesites. 

The petrographic composition of the rocks represented here is quite heterogeneous, considering that here 
occur rocks with a composition close to rhyolites (quartzlatites) and those with a composition close to basalts 
(andesite – basalts), so we could speak of an association: rhyolite – dacite – andesite - basalt, with numerous, 
often unclear transitions between them, going from the most acidic to the most basic representatives, or vice 
versa. Here, it is possible to distinguish three phases of the formation of the volcanics: the first phase includes 
amphibole - biotite and pyroxene - biotite acito - andesites; the second phase is subvolcanic hardened 
sanidine dacites (quartzlatite) and on the third, last phase occured outcrops of labradorite - augite andesites 
(andesite basalts). 

Pyroclastic rocks are formed, for the most part, in the first phase, but their formation continues until the 
final phase of volcanic formation. 

Volcanism in the central part of the Kratovo-Zletovo region was predominantly submarine and 
sublacustrian and intense over a relatively long geological period (from the Middle Oligocene to the beginning 
of the Quaternary), which is evidenced, among other things, by the great thickness of the volcanic complex of 
the rocks. The occasional phases of subsidence of volcanic activity correspond to the deposition of 
volcanogenic-sedimentary formations. The thickness of the volcanic complex of the rocks, i.e. the depth at 
which their crystalline or plutonic foundation is found, has not yet been determined by the research work 
carried out so far, but it is certain that in this part of the Kratovo-Zletovo volcanic region it exceeds 1,000 m. 

Secondary quartzites occur in andesitic-dacite rocks along a fault line that has a regional character. It 
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extends in the direction NW - SE starting from Kumanovo through Crni Vrv, Plavica - Zlatica, Pleshinci to 
Probishtip. Along these fault structures, siliceous components were deposited from hydrothermal solutions that 
underwent intensive metasomatic changes in the surrounding volcanic rocks, forming large masses of silicified 
rocks. In the area of the deposit itself, the fracture systems occur as ring-shaped forms where the 
hydrothermal-metasomatic processes are most pronounced. In addition to dacite-andesitic rocks, andesitic 
tuffs and breccias are found that have undergone a lower degree of silicification or are not silicified at all. 

Secondary quartzites occur at the surface and, with small interruptions, can be traced over 2 km. Their 
thickness is quite variable and ranges from 20 – 80 m, and gradually decreases with depth (fig. 3). 

Fig. 3.Geological profile of the deposit “Crn Vrv” [3] 

The genesis of secondary quartzite from “Crn Vrv” is closely related to the hydrothermal changes of rocks 
of intermediate composition, in volcanic apparatuses and their immediate surroundings. Their formation begins 
after the paroxysmal activity of the volcanic apparatus, i.e. in the fumarolic - solfatar stage. The fumarolic-
solfatar aterations take place not only along the cracks, but especially along the horizons of the porous 
products of the eruptions, which can be spread over several hundred meters from these apparatuses [3, 4]. 

Accordingly, secondary quartzites are metasomatic formations that formed, basically, without the 
introduction of SiO2, from the magma (also Al2O3, TiO2, K2O and Fe), which indicates that only the 
redeposition of these components and their transfer to the location of the action of gas hydrothermal solutions. 
Only water, S, F, Cl, P, B and heavy metals (except Fe) were brought. This is evidenced by the preserved 
relict structures and textures of the original rocks in them, as well as their spatial position. Namely, the silex 
ore bodies have a subvertical distribution, and their dimensions gradually decrease with depth. Data from deep 
exploration drillings show that their roots are found at a depth of over 400 m, when they gradually emerge. 
Their borders towards the surrounding volcanic rocks are most often gradual, i.e. the degree of silicification of 
the surrounding rocks gradually decreases with distance from the pure siliceous masses (with over 95 % 
SiO2). 

Mineralogical, petrographical and chemical composition of qurtzites

The secondary quartzite ore bodies of Cmi Vrv are made of amorphous to microcrystalline silica mass, 
sometimes with some opal. Their color is light gray to slightly blue, and when brecciated, reddish. These are 
dense, very hard and tough rocks, very difficult to process, resistant to impact and abrasion, with low porosity 
and high resistance to the action of aggressive chemicals. They have a regularly high content of silicate 
minerals (which significantly distinguishes them from other types of secondary quartzites) and a tolerant 
content of harmful components. An “average sample” of quality quartzite from the “Crni Vrv” deposit has the 
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following chemical composition (%) [3]: 

Table 1. Chemical composition of quartzites 

SiO2 98.23 MgO 0.025
TiO2 0.20 CaO 0.15
Al2O3 0.35 Na2O 0.008
Fe2O3 0.32 K2O 0.10
FeO 0.15 P2O5 Traces
MnO traces Loss of ignition 0.47

Physical - mechanical parameters of quartzite

The physical – mechanical properties of quartzite are determined with several laboratory examinations on 
tampon quartzite material with grain size from 0 to 31.5 mm. 

Table 2 shows the results obtained form the geomechanical examinations: [5] 

Table 2. Physical - mechanical characteristics of quartzite 

Test Results Criterion 
Grain shape (% mass) 14.54 (max) 40 % 
Dilapidated grains 1.09 (max) 7 % 
Content of clay and silt particles 
(% mass) 1.64 (max) 5 % 
Sensitivity on ice influence 
(content of particles < 0.02 mm) 2.11 (F1) / 
Consistency on ice Na2SO4
(loss of mass) 

grains < 8 mm – 3.9 % 
grains > 8 mm – 3.5 % 

grains < 8 mm to 10 % 
grains > 8 mm to 12 % 

Optimal water content / Maximum 
volume mass – Proctor test 
(modified method) 

dmax = 2.06 g/cm3

Wopt = 5.7 % /

Granular composition 
There is no deviation 

from the boundary belt 
for the tampon material 

Boundary belt for the tampon 
material

Degree of unevenness 34.0 (min) 15.0 
Abrasion loss value by Los 
Angeles method (% mass) 21.8 (max) 40 % 
California bearing ratio (CBR) % 81.4 (min) 80 % 
Determinated organic matters 0.81 (max) 5 % 
Hardness after Moss 7  
Compressive Strength (MPa) 150-300  
Compressive Strength (MPa) 150-300  
Compressive Strength (MPa) 150-300  
Porosity 3.56 %  
Specific mass 2.63 – 2.70 t/m3

Volume mass 2.51 - 2.64 t/m3

Conclusion

 The investigations conducted on the secondary quartzites (silexes) from the "Crn Vrv" locality confirmed 
that this material possesses highly favorable physical, mechanical, and chemical characteristics for application 
in road construction. The geological and mineralogical analyses indicate that these hydrothermally altered 
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quartzites are characterized by a very high silica content (98.23% SiO ), low porosity, high hardness, and 
excellent resistance to mechanical wear and weathering. 

The laboratory test results demonstrate that all examined parameters satisfy the prescribed requirements 
for road tampon materials. The aggregate exhibits a suitable grain shape, very low content of clay and 
deleterious particles, excellent resistance to frost action and abrasion, high California Bearing Ratio (CBR), 
and appropriate compaction characteristics. Furthermore, the granulometric composition falls within the 
required limits for road base construction. 

The obtained results confirm that the secondary quartzites from the "Crn Vrv" deposit represent a high-
quality construction material suitable for use as road tampon material and, owing to their favorable properties, 
also as aggregate for concrete mineral mixtures. Their utilization provides a reliable and durable source of 
construction aggregate while promoting the efficient exploitation of domestic mineral resources. Consequently, 
the "Crn Vrv" quartzites represent a valuable raw material with significant technical and economic potential for 
infrastructure development in North Macedonia. 
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ABSTRACT
The Milin Kamak mine is a newly constructed site. Its design includes modern solutions for driving capital and 
auxiliary works with anchor fasteners. Solutions using different types of anchors are included, which must be 
tested for operability. At the moment, the object of application and research are friction anchors of different 
lengths and diameters. The report presents the research methodology and results of the experiments. The 
analysis of the results shows that this type of anchors has good operability, expressed in terms of load-bearing 
capacity and yielding. 
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DEFORMATION TRANSITION IN LOCALIZED ZONED GROUND IMPROVEMENT WITH RIGID 
INCLUSIONS: A BULGARIAN CASE STUDY 

Tsvetan Lozanov1 and Nikolay Milev2
1 PhD Student – Department of Geotechnics, University of Architecture, Civil Engineering and Geodesy, 

1 Hristo Smirnenski Blvd., Sofia 1046, Bulgaria; tsvetan.iv.lozanov@gmail.com  
2 Associate Professor – Department of Geotechnics, University of Architecture, Civil Engineering and 

Geodesy, 1 Hristo Smirnenski Blvd., Sofia 1046, Bulgaria; milev_fte@uacg.bg 

ABSTRACT 
For large-footprint logistics buildings, the local occurrence of highly deformable soils may require partial rather 
than full-area ground improvement beneath the entire structure. In such cases, the design problem is not limited 
to reducing the maximum settlement within the weak-soil zone, but also includes controlling the deformation 
contrast with the surrounding natural ground. This paper presents a logistics complex near Gurmazovo, 
Bulgaria, where part of the building is underlain by silty and silty-clayey strata characterized by low stiffness and 
high deformability. The ground improvement solution consists of unreinforced concrete rigid inclusions with a 
diameter of 320 mm, installed in zones with varying grid spacings from 1.80 1.80 m to 2.60 2.60 m, together 
with a compacted crushed-stone load transfer layer. The improved zone is represented in a three-dimensional 
numerical model using equivalent deformation properties, with a gradual transition towards the unimproved 
ground. The calculated maximum settlement is reduced from 174 mm for the untreated ground to 71 mm after 
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improvement. The adopted zoning reduces the maximum settlement and provides a gradual change in stiffness 
towards the unimproved ground. 
Key words: rigid inclusions, ground improvement, zoned ground improvement, transition zone, foundation 
settlement, foundation rotation, differential settlement
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 1. .

Wn s n d n e c'
- - % g/cm3 g/cm3 g/cm3 % - o kPa 
1 2 3 4 5 6 7 8 9 10 
1 ,  28.80 2.71 1.89 1.47 45.89 0.848 21.55 38.5 
2 ,  13.55 2.74 2.08 1.83 33.12 0.497 45.01 - 

2-1 , ,  16.77 2.69 1.95 1.64 39.44 0.652 25.90 36.6 
4 ,  26.31 2.69 1.94 1.54 42.70 0.751 25.80 43.1 

4-1 ,  33.10 2.30 1.51 1.15 40.71 0.840 15.56 32.3 
5  31.61 2.70 1.81 1.38 49.07 0.966 21.13 38.6 

5-1  -  32.22 2.324 1.51 1.15 41.45 0.836 11.75 25.7 
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ABSTRACT 
This paper presents a refined geomechanical framework for the analysis of plastic zone development around 
underground excavations at extreme depths. The study proposes a modified analytical model based on the 
classical Bulychev theory, extended to account for key physical processes relevant to deep mining conditions, 
including thermal stresses, time-dependent behavior (creep), and tectonic stress anisotropy. 
A comparative analysis of established models—Protodyakonov, Hoek–Brown, and Bulychev—is performed to 
identify their applicability and limitations. The proposed formulation introduces an equivalent stress 
representation for anisotropic stress fields, a thermally induced stress component derived from thermoelastic 
theory, and a logarithmic time-dependent function to capture creep effects. These modifications are integrated 
into a unified expression for the radius of the plastic zone. 
The model is applied to the TauTona gold mine in South Africa (depth ~4000 m), demonstrating improved 
agreement with observed field data. Results indicate that the modified model predicts larger plastic zones and 
increased convergence compared to classical approaches, providing a more conservative and realistic 
assessment of rock mass behavior under extreme conditions. 
The findings confirm that traditional models tend to underestimate deformation and plastic zone extent at great 
depths, while the proposed approach enhances predictive accuracy and supports safer design of underground 
structures. The model is particularly suitable for deep mining and tunneling applications, where coupled 
thermo-mechanical and rheological effects are significant. 
Keywords: geomechanics, plastic zone, deep mining, rock mechanics, Bulychev theory, thermal stresses, 
creep behavior, stress anisotropy 
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ABSTRACT 
The increasing complexity of modern civil engineering projects requires reliable characterization of subsurface 
conditions to ensure safe, economical, and sustainable geotechnical design. This review presents recent 
developments in geotechnical site investigations, focusing on the integration of field exploration, soil sampling, 
advanced in-situ testing, laboratory characterization, and engineering interpretation. Particular attention is 
given to soil sampling procedures and specimen quality, as these directly influence the reliability of laboratory-
derived engineering parameters. Modern in-situ investigation techniques, including Cone Penetration Testing 
(CPT/CPTu), Seismic Cone Penetration Testing (SCPTu), Flat Dilatometer Testing (DMT/SDMT), 
pressuremeter testing, geophysical surveys, and continuous monitoring systems, are discussed with emphasis 
on their complementary roles in site characterization. The review further summarizes recent advances in 
laboratory testing, highlighting the application of resonant column devices, bender elements, advanced triaxial 
apparatus, and cyclic testing for evaluating soil behaviour under static and dynamic loading conditions. Finally, 
the paper discusses the growing importance of integrating geological interpretation, field measurements, 
laboratory investigations, numerical modelling, and digital technologies to reduce uncertainty in geotechnical 
design. The review demonstrates that modern geotechnical investigations increasingly rely on multidisciplinary 
and integrated approaches rather than individual testing methods, providing more reliable engineering 
parameters for contemporary infrastructure projects. 
Keywords: geotechnical investigations, soil sampling, in-situ testing, laboratory testing, CPTu, triaxial testing, 
soil characterization, geotechnical engineering. 

1. Introduction
Reliable geotechnical design begins with reliable ground characterization. Regardless of the sophistication of 
analytical methods or numerical models, the quality of engineering decisions cannot exceed the quality of the 
geological and geotechnical information on which they are based. Consequently, geotechnical site 
investigation constitutes one of the most important stages of every civil engineering project, providing the 
information required for the safe design, construction, and long-term performance of geotechnical structures. 
Insufficient site characterization remains a significant source of uncertainty, frequently contributing to 
construction delays, unexpected ground conditions, increased project costs, and engineering failures. 
Comprehensive investigation programmes therefore play a fundamental role in reducing geotechnical risk and 
improving design reliability.  
The rapid development of urban infrastructure, transportation systems, underground construction, offshore 
engineering, and renewable energy facilities has substantially increased the demands placed on geotechnical 
investigations. Modern projects require considerably more than the identification of soil layers and 
groundwater conditions. Contemporary geotechnical engineering relies on the determination of representative 
mechanical, hydraulic, and dynamic soil properties that accurately describe soil behaviour under various 
loading conditions. Achieving this objective requires an integrated investigation strategy combining geological 
interpretation, field exploration, laboratory testing, and engineering judgement rather than relying on isolated 
testing methods.
During the last decades, remarkable progress has been achieved in both field and laboratory investigations. 
Conventional borehole exploration has been complemented by advanced in-situ techniques such as Cone 
Penetration Testing (CPT/CPTu), Seismic Cone Penetration Testing (SCPTu), Flat Dilatometer Testing 
(DMT/SDMT), pressuremeter testing, and modern geophysical surveys, providing continuous information on 
soil stratigraphy and engineering properties. At the same time, laboratory investigations have evolved towards 
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advanced testing systems capable of reproducing complex stress paths, cyclic loading, and dynamic soil 
behaviour with high precision. These developments have significantly improved the determination of 
constitutive parameters used in numerical modelling and performance-based geotechnical design [1, 2].  
Despite these technological advances, no individual investigation technique is capable of providing a complete 
description of subsurface conditions. High-quality geotechnical characterization depends on the integration of 
reliable sampling procedures, complementary in-situ testing, representative laboratory investigations, and 
appropriate engineering interpretation. Recent developments in digital technologies, automated monitoring, 
and data-driven analysis further support this integrated approach by improving data management and 
reducing uncertainty associated with engineering decision-making. However, these technologies complement 
rather than replace engineering expertise [3].
This review presents a concise overview of contemporary geotechnical investigation methods with particular 
emphasis on their complementary roles in modern site characterization. The paper discusses recent 
developments in soil sampling, advanced field investigations, laboratory testing, and integrated geotechnical 
interpretation while highlighting future directions towards more reliable and sustainable geotechnical 
engineering. 

2. Modern Geotechnical Site Investigation
The primary objective of a geotechnical site investigation is to establish a reliable ground model that accurately 
represents subsurface conditions and provides representative engineering parameters for design. Since soils 
are naturally heterogeneous and their properties vary spatially due to geological history, depositional 
processes, and environmental conditions, uncertainty cannot be completely eliminated. Modern site 
investigations therefore seek to minimise this uncertainty through systematic planning, appropriate selection of 
investigation techniques, and integrated interpretation of geological and geotechnical information. A well-
designed investigation programme not only improves the reliability of engineering analyses but also reduces 
construction risks and project costs [1, 4, 5].
A contemporary investigation programme begins with a detailed desk study, during which available geological 
maps, hydrogeological information, historical site records, previous investigation reports, and remote sensing 
data are analysed. This preliminary stage provides the basis for selecting appropriate field methods, 
determining the number and depth of boreholes, and identifying areas requiring more detailed exploration. 
Such a risk-based approach has become increasingly important for large transportation projects, underground 
structures, offshore developments, and urban construction, where ground variability may significantly influence 
design decisions [4].  
Borehole investigations continue to represent the fundamental component of geotechnical exploration because 
they provide direct information on soil stratigraphy, groundwater conditions, and geological features while 
enabling soil sampling and field testing. However, boreholes describe only discrete locations and may not 
adequately capture the spatial variability of complex geological formations. Consequently, modern 
investigation programmes increasingly combine conventional drilling with advanced in-situ testing and 
geophysical methods to improve the continuity and reliability of subsurface characterization [4, 5, 6].
The scope of site investigation should always reflect the complexity of the engineering project and the potential 
consequences of geotechnical failure. Projects involving deep excavations, high-rise buildings, tunnels, 
offshore foundations, or critical infrastructure require substantially more detailed investigations than 
conventional structures because of the higher demands placed on soil characterisation and numerical 
modelling. In recent years, adaptive investigation strategies have gained increasing attention. Rather than 
defining the entire investigation programme at the beginning of a project, additional field exploration is 
performed whenever newly acquired information indicates greater geological complexity than initially 
anticipated. Such an approach improves both technical reliability and economic efficiency [5, 7].  
An important feature of contemporary geotechnical investigations is the integration of complementary 
techniques within a single site characterisation programme. Boreholes provide geological verification and 
enable specimen collection, penetration tests supply continuous mechanical profiles, geophysical surveys 
improve spatial interpretation, and monitoring systems verify the behaviour of the ground during construction. 
The value of an investigation programme therefore depends not on the number of individual tests but on the 
ability to combine multiple sources of information into a consistent engineering ground model [8] . 
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The evolution of modern geotechnical investigations reflects a transition from descriptive site exploration 
towards quantitative ground characterisation. The emphasis has shifted from identifying soil layers to 
understanding soil behaviour under anticipated loading conditions. Consequently, field investigations are 
increasingly designed not as isolated measurements but as the first stage of an integrated process that 
continues through laboratory testing, engineering interpretation, and numerical modelling. 
Engineering implications. A successful geotechnical investigation is achieved through appropriate planning 
rather than the application of a single advanced testing method. The integration of geological knowledge, 
borehole observations, field testing, and engineering interpretation provides a reliable basis for design while 
reducing uncertainty associated with subsurface variability. This integrated philosophy also establishes the 
framework for obtaining representative soil samples and selecting laboratory investigations appropriate for the 
engineering problem under consideration [9]. 

3. Soil Sampling and Advanced In-situ Investigations
The reliability of geotechnical parameters depends not only on the selection of appropriate investigation 
techniques but also on the quality of soil specimens and the representativeness of field measurements. 
Consequently, soil sampling and advanced in-situ testing should be regarded as complementary components 
of a unified site investigation programme rather than independent activities. Their combined application 
enables the development of reliable ground models while reducing the uncertainty associated with subsurface 
variability [6, 10]. 
Obtaining representative soil samples remains one of the greatest challenges in geotechnical engineering. 
During sampling, soils experience stress relief, mechanical disturbance, and changes in moisture conditions, 
all of which may modify their natural structure and engineering properties. These effects are particularly 
pronounced in soft clays, organic soils, and highly sensitive deposits, where even minor disturbance may 
significantly reduce measured stiffness and undrained shear strength. Therefore, preserving the in-situ 
structure of the soil is essential for obtaining reliable laboratory parameters [2, 5, 11]. 
The choice of sampling technique depends on soil conditions and the intended laboratory programme. Thin-
walled Shelby tubes continue to be widely used in cohesive soils because they provide satisfactory specimen 
quality for routine engineering investigations. For advanced laboratory testing requiring minimal disturbance, 
piston samplers offer significant advantages by reducing stress redistribution during penetration and sample 
retrieval. Block sampling remains the preferred technique for research applications and high-quality 
constitutive testing, whereas artificial ground freezing provides one of the few effective solutions for recovering 
undisturbed specimens from loose sands and gravels. Regardless of the sampling method, careful 
transportation, storage, and specimen preparation are equally important for preserving sample quality [6, 7, 
12].
While sampling provides material for laboratory investigations, modern in-situ testing delivers continuous 
information on the spatial variability of soil properties. Among available techniques, Cone Penetration Testing 
(CPT) [23] and the piezocone test (CPTu) have become reference methods for subsurface profiling owing to 
their repeatability, high resolution, and extensive empirical database. Continuous measurements of cone 
resistance, sleeve friction, and pore-water pressure enable rapid identification of soil stratigraphy and support 
the estimation of strength, stress history, and deformation characteristics [2, 13]. 
The introduction of seismic measurements into penetration testing has further expanded the capabilities of 
field investigations. Seismic Cone Penetration Testing (SCPTu) combines conventional CPT measurements
with shear-wave velocity profiling, providing valuable information on small-strain stiffness and dynamic soil 
behaviour. Because shear-wave velocity is largely unaffected by sampling disturbance, SCPTu represents an 
important link between field investigations and advanced laboratory testing [14]. 
Flat Dilatometer Testing (DMT/SDMT) [24] and pressuremeter testing provide additional information regarding 
in-situ stiffness, horizontal stress conditions, and deformation characteristics. These techniques are particularly 
valuable for settlement analyses, foundation design, and the calibration of constitutive models. Rather than 
replacing CPTu, they provide complementary information describing different aspects of soil behaviour. 
Consequently, contemporary investigation programmes increasingly combine several field techniques to 
improve the reliability of engineering interpretation [15, 16]. 
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Geophysical investigations have become an integral part of modern geotechnical exploration. Methods such 
as seismic surveys and electrical resistivity tomography enable rapid assessment of subsurface continuity and 
facilitate interpolation between boreholes and penetration tests. Their greatest value lies in improving 
geological interpretation and identifying spatial variability over large investigation areas. When integrated with 
conventional geotechnical methods, geophysical surveys significantly enhance confidence in the resulting 
ground model [17].
Recent developments increasingly combine borehole investigations, advanced in-situ testing, geophysical 
surveys, and continuous monitoring within a single investigation programme. Such an integrated approach 
enables engineers to optimise field exploration, verify geological interpretation, and identify zones requiring 
more detailed laboratory investigation. Rather than maximising the number of performed tests, modern 
geotechnical practice focuses on obtaining complementary information that improves engineering 
interpretation while reducing uncertainty associated with design [18]. 
Engineering implications. Representative soil samples and high-quality field investigations constitute the 
foundation of reliable laboratory characterisation. Modern site investigations therefore emphasise the 
complementary use of sampling, penetration testing, geophysical methods, and geological interpretation, 
ensuring that laboratory testing is performed on representative materials and that field observations are 
correctly interpreted within the geological framework [2, 7]. 

4. Advanced Laboratory Characterization of Soils
Laboratory investigations remain indispensable in modern geotechnical engineering because they provide 
constitutive parameters that cannot be obtained directly from field measurements. While in-situ investigations 
characterize the spatial distribution of soil properties, laboratory testing enables the evaluation of soil 
behaviour under controlled stress paths and boundary conditions. Consequently, laboratory investigations play 
a fundamental role in calibrating constitutive models, verifying empirical correlations, and supporting numerical 
analyses used in contemporary geotechnical design [15]. 
The increasing demands of modern infrastructure have considerably expanded the scope of laboratory 
investigations. In addition to conventional strength, compressibility, and permeability parameters, engineers 
increasingly require information describing stiffness degradation [25], stress dependency, cyclic response [26], 
damping characteristics, and pore-pressure generation under repeated loading [27]. Such parameters are 
essential for the design of transportation infrastructure, offshore foundations, earthquake-resistant structures, 
energy geostructures, and other facilities subjected to complex loading conditions [8, 16]. 
The determination of soil stiffness at very small strains [28] has become one of the most important 
developments in laboratory testing during recent decades. Although serviceability problems are generally 
associated with small deformations, conventional laboratory equipment often lacks sufficient resolution to 
determine the corresponding stiffness accurately. Resonant column apparatus and bender element techniques 
have therefore become standard tools for evaluating the initial shear modulus and wave propagation 
characteristics of soils. These methods provide parameters that are fundamental for seismic analyses, 
dynamic foundation design, and advanced constitutive modelling [1, 14]. 
As deformation increases, advanced triaxial testing [29] becomes the principal laboratory technique for 
investigating stress–strain relationships. Modern computer-controlled systems allow accurate simulation of 
drained and undrained loading paths while continuously monitoring pore-water pressure, volumetric strain, and 
stress evolution. Such capabilities enable the determination of effective strength parameters, deformation 
characteristics, stress dependency, and critical state behaviour. Compared with conventional testing 
procedures, advanced triaxial systems provide considerably greater flexibility and allow laboratory conditions 
to more closely reproduce field loading scenarios [2, 5, 7]. 
The growing importance of cyclic loading has further stimulated the development of specialised laboratory 
investigations. Cyclic triaxial and cyclic direct simple shear tests enable the assessment of stiffness 
degradation, accumulation of permanent deformation, excess pore-water pressure generation, and liquefaction 
susceptibility under repeated loading. These investigations are particularly important for railways, highways, 
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offshore structures, machine foundations, and seismic engineering, where long-term performance depends on 
the response of soils subjected to thousands or millions of loading cycles [16]. 
Recent laboratory developments also address coupled hydro-mechanical, thermo-mechanical, and 
unsaturated soil behaviour. Advanced testing systems equipped with suction control, temperature regulation, 
and automated loading programmes enable investigation of processes associated with energy geostructures, 
climate change, deep geological repositories, and environmental geotechnics. Such equipment considerably 
expands the ability of laboratory investigations to reproduce complex field conditions and improves the 
reliability of engineering predictions [14]. 
Despite the remarkable progress achieved in laboratory technology, the reliability of measured parameters 
remains strongly dependent on specimen quality and appropriate testing procedures. Advanced laboratory 
equipment cannot compensate for disturbances introduced during sampling or inadequate stress 
reconstruction before testing. Consequently, laboratory investigations should never be interpreted 
independently but rather as one component of an integrated geotechnical investigation programme combining 
field observations, high-quality sampling, and engineering judgement. 
Engineering implications. Modern laboratory testing has evolved from routine parameter determination 
towards comprehensive characterization of soil behaviour across a wide range of strain levels. The selection of 
laboratory methods should therefore be governed by the engineering problem under consideration rather than 
by the availability of testing equipment. Integrating advanced laboratory investigations with representative 
sampling and high-quality field measurements provides the reliable parameters required for modern 
constitutive modelling and performance-based geotechnical design. 

5. Integrated Geotechnical Characterization and Future Perspectives
The evolution of geotechnical investigations over recent decades has demonstrated that reliable site 
characterization cannot be achieved through the application of a single investigation technique. Instead, 
contemporary geotechnical engineering increasingly adopts integrated investigation strategies in which 
geological interpretation, field observations, laboratory testing, monitoring, and numerical analyses are treated 
as complementary components of a unified engineering process. This integrated philosophy significantly 
improves the reliability of engineering parameters and reduces uncertainties associated with spatial variability 
and soil behaviour [19]. 
The development of a representative ground model constitutes the principal objective of modern site 
investigations. Such models combine information obtained from desk studies, borehole investigations, 
advanced in-situ testing, laboratory experiments, groundwater observations, and geophysical surveys into a 
consistent interpretation of subsurface conditions. Rather than considering individual datasets independently, 
engineers increasingly integrate complementary sources of information to verify geological interpretation, 
improve parameter estimation, and support engineering judgement. This multidisciplinary approach provides a 
substantially more reliable basis for geotechnical design than any individual investigation technique alone [20]. 
The rapid development of digital technologies has further enhanced the efficiency of integrated site 
characterization. Three-dimensional geological modelling, geostatistical interpolation, automated data 
acquisition, continuous field monitoring, and machine learning algorithms increasingly assist engineers in 
processing large and complex datasets [30]. These technologies improve the consistency of engineering 
interpretation, facilitate uncertainty assessment, and support the optimisation of investigation programmes. 
Nevertheless, digital tools should be regarded as decision-support systems rather than replacements for 
engineering expertise, as reliable interpretation still requires a thorough understanding of geological processes 
and soil mechanics [19, 21].
Future developments in geotechnical investigations are expected to focus on further integration of field 
observations, laboratory testing, numerical modelling, and continuous monitoring within unified digital 
workflows. Such approaches will facilitate real-time updating of geotechnical models during construction and 
operation, improving both the safety and sustainability of civil engineering infrastructure. At the same time, the 
growing complexity of engineering projects will require closer cooperation between geotechnical engineers, 
engineering geologists, geophysicists, structural engineers, and data scientists. The future of geotechnical 
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investigations therefore lies not in replacing established methods, but in integrating complementary techniques 
into coherent engineering decision-making frameworks [22]. 
Engineering implications. The principal objective of modern geotechnical investigations is no longer the 
collection of individual test results but the development of a reliable engineering ground model. The integration 
of high-quality sampling, advanced field investigations, laboratory characterization, monitoring systems, and 
engineering interpretation provides the most effective strategy for reducing uncertainty and supporting safe, 
economical, and sustainable geotechnical design. 

6. Conclusions
Modern geotechnical investigations have evolved from conventional subsurface exploration towards integrated 
site characterisation combining geological interpretation, advanced field investigations, laboratory testing, 
monitoring systems, and numerical modelling. This evolution reflects the increasing complexity of 
contemporary infrastructure projects and the growing demand for reliable engineering parameters [31]. 
The review demonstrates that the quality of geotechnical design depends primarily on the quality of the 
investigation programme rather than on the application of any single testing technique. High-quality soil 
sampling, complementary in-situ investigations, and advanced laboratory testing each provide unique 
information regarding soil behaviour and should therefore be interpreted collectively within a consistent 
geological and engineering framework. 
Recent advances in digital technologies, automated monitoring, and data-driven interpretation have 
considerably improved the efficiency of geotechnical investigations. However, engineering judgement remains 
essential for the interpretation of field and laboratory data, and digital tools should be regarded as supporting 
rather than replacing professional expertise. 
Future progress in geotechnical engineering will increasingly rely on integrated investigation strategies 
capable of combining multiple sources of information into representative ground models that improve the 
reliability of engineering analyses and contribute to safer, more resilient, and more sustainable infrastructure. 
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 UAV

Iv. Vasilev, Dipl. Eng. – i.vasilev@ellatzite-med.com 

ABSTRACT 
This paper presents a structured approach for performing remote geotechnical mapping in the Elatsite open pit 
mine using UAV-based photogrammetry. The study focuses on the applied hardware platforms, image 
acquisition techniques, and specialized software tools used for data processing and generation of 
high-resolution three-dimensional models. Particular emphasis is placed on the adopted workflow and 
methodology for extracting and interpreting geomechanical parameters of the rock mass. The advantages of 
the proposed remote mapping approach in terms of improved safety, data accuracy, and operational efficiency 
are discussed, demonstrating its applicability for geotechnical and geomechanical assessments in open pit 
mining operations. 
Keywords: geomechanics, geotechnical mapping, photogrammetry, UAV, open pit mine, rock mass. 

1.

 ( )
- .

, ,
.

.

 ( ).
.

, .

, , , , .
, ,

,
.

.
,

, .

(ISRM) .
,

.
,

,
. ,

,
.

 15÷16  (Unmanned Aerial 
Vehicles – UAV) , ,

 3D .

44



 

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

 

, .
,

,
.

2.  UAV 

 UAV  (2000÷2010 .)
.  2012÷2015 

.
 UAV  2015 .

. ,

, , . - .

.
 Structure from Motion (SfM)  Multi View Stereo (MVS)  (2018÷2023 .) UAV-

.

- .
UAV 

, ,
, .

 UAV- ,
.

 UAV ,

:
;

;
- ;

 3D . ;
;

;
;

;
;

;
.

3.

,  DJI Matrice 350 RTK  DJI Zenmuse P1, 
 DL 35mm F2.8 LS ASPH .

,
. ,

 LiDAR. ,

45



 

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

 

 ( )
. , ,

, .
,

:
 GNSS ( ) ,

;
 RTK (Real Time Kinematic)  PPK (Post-

Processing Kinematics), 
,  (  1 cm), 

;
,

.
 „ “

 ( 1/ 3) .

4. -

, . . ,
 70÷80 % 

.  (
) ,

 (  50 ÷ 100 m)  ( . 1).

. 1.  – 
;  –  ( )

, .

, .
 30º÷40º ( . 2).

. 2.  – 
;  – .

46



 

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

 

 GSD (Ground Sampling Distance), 
.

: GSD  5 cm ,
 5 cm  (5 * 5 = 25 cm²),  GSD  30 cm, 

 30 cm  (30 * 30 = 900 cm²). 
 GSD  ( . 3) :

/
 (H). 

:  (ImW); 
 (SW);  (F). 

-  GSD, -
-

. ,
-  (  GSD) ,

. GSD ,
 1 GSD, 

 -  1÷2 GSD. 
 GSD 

 1 cm. 

. 3.

5.  3D 

 3D  DJI Terra. 
, ,

, , , .
,

. ,  3D 
. ,  (TDOM) 

 3D :  (mesh),   (DSM), 3D 
 (point cloud). ,

 (DEM). 
,

 NDVI  NDRE, .

.
, ,

.
 3D 

 (ATP),  (GCP)  (CP). GCP 
ATP 

,  CP . ATP 
.

 GCP  CP :
 (x, y, z); 

 (x, y, z); 
 (x, y, z). 

47



 

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

 

6.

 PointStudio  MAPTEK. 
, , .

,
, , UAV .

PointStudio  CAD , ,
, , .

.
:

Photogrammetry – ,
,

;
Position and Filter - ,

, ;
Maptek Workbench - 

,  Maptek; 
Underground Tools - ;
Query - ,

. , :
o Design Conformance – 

;
o Inter-Ramp Compliance Reporting - ,

, ,
;

o Fragmentation Analysis – 
;

o Haul Road Tools - 
,

;
o Rock Bolt Analysis – ,

;
Geotechnical Tools - ,

.
,  (mesh). :

o  ( . 4),
 ( ,

, , .);
o  (

);
o , ;
o

;
o  (RQD); 
o

;
o

, ;
o ;

48



 

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

 

o ,
, .

o

. 4. , .  Report Window 
( )

.

,
, :

.
, , , -

. ,
.

. . .
,

, ,
: 3D , , ,

.  (
)

 3D  ( . 5)  ( ) .

 ( . 6). ,
,

( ). , ,
, . ,

,
. ,

.
.

.
 ( ) ,

49



 

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

 

, , ,
. .  30 m 

, .
.

( ) , .
.

,

, .

. 5. . 6.

. -  3D - , -
.

-
, ,

. -
.

, ,
.

,
( ,  90% )

.
, .

,

:
- ;
- ;

, ,
,

;
,

.
,

, ;

50



 

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

 

;

, -
 ( ,

.) , ;
 ( , , ,

, , .), -
 ( , ); 

-  (3D , , , ,
, , .).

,  (
),  (

) . ,

;
,

 ( ),
- ;

.
 3D 

, ,
.

- , ,
- ,

, , ,
, . ,

,  ( - )
.

51



 

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

 

, , , , markomarkov8@abv.bg 

CHALLENGES OF TERRESTRIAL LASER SCANNING IN UNDERGROUND MINING CONSTRUCTION 
AND PRACTICAL APPROACHES TO THEIR MITIGATION 

Marko Markov 

ABSTRACT 
This paper examines the application of terrestrial laser scanning (TLS) for the generation of three-dimensional 
models and the analysis of the geometric characteristics of mining infrastructure within underground 
construction environments. The technology provides highly detailed spatial information in the form of high-
resolution point clouds, enabling the development of Digital Terrain Models. The study discusses the principal 
stages of data acquisition and processing, as well as the specific challenges associated with operating in 
underground environments. Drawing upon practical field experience, a set of recommendations and best-
practice guidelines is proposed to support the effective implementation of TLS in the mining sector. 
Keywords: Terrestrial Laser Scanning, point cloud, Underground construction, Digital Terrain Models 
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ABSTRACT
A deformation monitoring survey involves performing several epoch measurements on a network of reference 
and object points positioned across the structure or area under investigation. The main purpose of the 
research is to determine whether any significant displacements have occurred between observation epochs 
using statistical testing. This study investigates the minimal detectable displacements that can be reliably 
identified using RTK-GNSS and examines methods for assessing point stability. The results demonstrate that 
real-time GNSS provides effective deformation monitoring for early warning.
Keywords: GNSS, deformation analysis, deformation surveys, deformation monitoring, outlier 

Introduction

Understanding the condition of the structure or terrains and the ongoing processes within it is crucial in making 
informed decisions about its maintenance and secure functioning. We use our knowledge of the structure's 
possible behavior throughout the design process to select suitable objects and monitor reference points. We 
also consider critical displacement values to ascertain the required level of precision. In engineering surveying 
deformation surveys the minimal detectable displacement defines the smallest movement magnitude that can 
be distinguished from measurements. Using survey data collected at two epochs, a confidence ellipsoid for the 
deformation vector of a single point in a three-dimensional Cartesian coordinate system is computed, allowing 
for the detection of deformations and the estimation of their covariance matrix.  
Deformation monitoring plays an important role in surveying engineering because it helps detect and evaluate 
displacements (geometric changes) in terrains and structures. Such changes may result from tectonic activity, 
unstable soil conditions, structural loads, temperature variations, or the long-term behavior of construction 
materials. Accurately identifying these deformations is essential for maintaining structural safety, reducing 
risks, and developing effective early-warning systems for potential failures. In recent years, Global Navigation 
Satellite Systems (GNSS) have become one of the most reliable technologies for deformation monitoring. 
They provide continuous, automated, and highly precise measurements, which makes them especially useful 
for tracking even small movements. Since displacements often appear before more serious structural damage, 
they serve as valuable early indicators. This is particularly important in landslide monitoring, embankment and 
dam surveillance, and the observation of various engineering structures. 

Principles of deformation monitoring surveys

A deformation monitoring survey involves performing repeated measurements on a network of points 
distributed across the structure or area under investigation. The main objective is to determine whether any 
statistically significant displacements have occurred. These displacements may be vertical, horizontal, or 3D 
movements. The minimum detectable displacement in engineering surveying is a crucial measure that 
depends on the direction of the displacements. The precision of GNSS results is influenced by a lot of factors, 
including the length of the observation period, the satellite geometry, atmospheric conditions, and the 
processing strategy applied. Extending the duration of observations typically enhances accuracy by reducing 
random noise and mitigating multipath effects. By using a network of reference stations, we can apply 
positioning techniques that make our measurements much more precise. Advancements in real-time kinematic 
(RTK) and network RTK technologies have made it possible to perform GNSS-based deformation monitoring 
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in real time. Modern communication networks now connect remote monitoring systems and instruments, 
enabling information exchange [8]. Different communication and data-transfer protocols (NMEA 0183, RTCM, 
and NTRIP) are used in RTK-GNSS measurements [9]. To assess the risk of dangerous landslide activity, the 
terrains must be examined in detail with geodetic and geotechnical instrumentation. The stability of mining 
areas depends on the use of GNSS technology for deformation monitoring. Reliable identification of the main 
causes of slope instability is achieved by combining GNSS measurements with photogrammetric data 
collected by unmanned aerial vehicles [7]. Several studies also explore how GNSS and InSAR technologies 
can be integrated for effective landslide detection. Laser scanning is widely applied in urbanized areas [11]. 
The paper [1] investigates the principles and potential of creating 3D building models and evaluating their 
quality using terrestrial laser scanning. Knowledge of three-dimensional models provides the opportunity to 
analyze deformations. A scanner's advantage is the ability to capture spatial data with extremely high point 
density. In practical applications for deformation monitoring surveys, the authors [4] present geotechnical 
monitoring techniques for dams. In [3] the authors propose an approach for analyzing deformation 
observations obtained during mine surveying. The paper [10] presents a monitoring system composed of 
multiple sensor nodes equipped with inertial modules, which provide direct calculations of Euler angles and 
quaternions. These nodes are connected through a Zigbee wireless network and deployed in an area 
susceptible to landslides. A high-precision navigation system that integrates an inertial measurement unit with 
a multiband GNSS module achieves high accuracy by employing dead reckoning (DR) and RTK algorithms 
[12]. This study [2] analyzes the landslide along the northern Bulgarian Black Sea coast using a combination of 
ground-based GNSS measurements and satellite InSAR interferometry. Due to the complex terrain, GNSS 
results were complemented by DInSAR processing of Sentinel-1 data to ensure a more accurate interpretation 
of the movements. The research [13] evaluates the real-world accuracy and noise characteristics of RTK-
GNSS technology for structural monitoring across four different environments: grass, concrete, water, and an 
obstructed balcony. To improve data quality, the authors suggest using adaptive filtering and multipath 
correction techniques to denoise the signals. GNSS technology is used for monitoring the structural health of 
bridges [18]. The authors propose a new approach using the monitoring station located on the bridge tower as 
a moving-base reference station and applies moving-base RTK-GNSS. 
On October 21, 1966, after days of rain, a massive spoil tip of coal waste accumulated on a hill directly above 
the Aberfan village collapsed. The primary engineering failure mechanism involves water accumulation at the 
base, resulting in increased pore pressure and partial liquefaction of the waste material. In this case, there is a 
lack of detailed engineering-geological and hydrological reports, stability analyses, landslide models and  how 
much water the material can retain. Furthermore, a monitoring system is missing. This process triggers a rapid 
transition from a solid state to a liquid mass. The article [5] focuses on the modelling of fluidised geomaterials, 
specifically the Aberfan. The article [14] is useful because it provides a methodology for detailed 
physicochemical analysis of mine waste, including its reaction to water and temperature. This knowledge 
would help specialists assess the risk of instability. 

Experiment

The research [16] explored the potential contribution of low-cost high-rate GNSS receivers for Structural 
Health Monitoring (SHM) applications. In our experiment, RTK-GNSS monitoring of horizontal displacements 
involves establishing a stable reference station and a mobile station. By comparing the changes in distance 
between these two stations, displacements can be derived. This is particularly important for long-term 
observation programs, where continuous, reliable, and cost-effective measurements are essential for 
assessing structural stability and detecting subtle deformation trends. In our experiment, the distance between 
the base antennas and the mobile receiver is 1.105 m in the initial state. The values of the horizontal 
displacements of the deformation are presented (Fig.1), where every step reflects a 10 mm decrease (till about 
18000-22000 measurements) and then increase in the measured distances. Determining the GNSS sensitivity 
in detecting displacements is based on the 3-sigma rule. If a value lies more than three standard deviations 
away from the mean, it is identified and classified as a displacement. Relying only on the three-sigma rule 
assumes a perfect normal distribution.
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Example:

1. first set of 30 distance measurements - from number 0 to 30 (Fig.1) 

X1=(1.108;1.111;1.111;1.108;1.108;1.108;1.108;1.090;1.111;1.108;1.090;1.108;1.108;1.108;
1.108;1.108;1.090;1.108;1.090;1.108;1.108;1.108;1.108;1.090;1.108;1.108;1.108;1.090;1.090;1.108)

2. second set of 30 distance measurements – from number 8044 to 8074 (Fig.1) 

X2=(1.069; 1.069; 1.069; 1.069; 1.069; 1.087; 1.069; 1.069; 1.087; 1.072; 1.069; 1.072; 1.069;  1.072; 1.087; 
1.072; 1.069; 1.069; 1.069; 1.069; 1.072; 1.069; 1.072; 1.069; 1.072; 1.072; 1.072; 1.072; 1.072; 1.072) 

Fig.1 Distances in meters (ordinate) and number of measurements (abscissa) 

For datasets like this, it is appropriate to apply complex outlier detection tests. Outlier tests applied to our 
dataset are: 

1. Grubbs’ test
2. Generalized Extreme Studentized Deviate (GESD)  
3. Dixon’s Q-test
4. Iglewicz-Hoaglin test
5. Boxplot (IQR method) 
6. 3-sigma rule 
7. Romanovsky’s criterion 

The listed tests are divided into: 

1. Tests for normally distributed data 
a) Grubbs’ test
b) Generalized Extreme Studentized Deviate (GESD)
c) Dixon’s Q test
d) 3-Sigma Rule
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e) Romanovsky’s criterion

2. Tests for non-normally distributed data 
a) Boxplot Rule (IQR Method)
b) Iglewicz-Hoaglin test

The check of whether our specific distribution is normal using the Shapiro-Wilk test shows that it is not 
normally distributed. he first observation of the second epoch X2 (1.069) is added to the observations of the 
first epoch X1. Then the second observation of the second epoch X2 (1.072) is added to the observations of 
the first epoch X1. The analysed measurements from the second epoch of deformation monitoring X2 show 
the following values: 1.069 m (appearing 14 times), 1.072 m (appearing 13 times), and 1.087 m (appearing 
only 3 times). The value 1.069 shows the greatest variance from the initial value of 1.105 and also has the 
highest frequency, making it the subject of our study. 

a) Boxplot Rule (IQR Method) 

The first step is to sort the dataset in ascending order. The first quartile (Q1), the second quartile (the median), 
and the third quartile (Q3) are calculated. he interquartile range (IQR) is difference between the Q3 and Q1.

                (1) 

With Q1, Q3 and IQR the  Lower Fence (LF) and Upper Fence (UF) are calculated.

LF                (2) 

UF                (3) 

Statistically, according to the IQR method, the value 1.069 is classified as an outlier. 

b) Iglewicz–Hoaglin Test 

The dataset contains 31 observations, and the median corresponds to the 16th value when the data are 
sorted, which is 1.108. After determining the median, the next step is to compute the absolute deviations of 
each observation from the median. For example, for the analyzed dataset the Boxplot Rule (IQR Method) and 
the Iglewicz-Hoaglin test identify the value 1.069 as an outlier. For completeness, the other tests (Grubbs’ test, 
Generalized Extreme Studentized Deviate (GESD), Dixon’s Q test and 3-sigma rule) also give 1.069 for the 
outlier.
Romanovsky’s criterion is a parametric statistical goodness of fit test used to assess how well empirical data 
correspond to a theoretically expected distribution. Compared with other statistical criteria, Romanovsky’s 
criterion assesses the agreement between observed and expected frequencies and helps identify gross errors. 
For the analyzed data set, Romanovsky’s criterion identifies 1.069 as an outlier. The authors [6] analyze
Minimum Detectable Displacements (MDD) in deformation networks with theoretical MDD and empirical MDD. 
In our experiment the MDD are investigated by outlier detection methods. The research [17] demonstrated that 
the RTK-GPS system achieved a positioning precision of approximately 1.5 cm, confirming its suitability for 
high-rise structural deformation monitoring. The article by [15] examines the same combination of tests and 
shows that, in small univariate datasets, the different methods often identify the same outlier. Every significant 
shift visible in Fig.1 corresponds to a displacement of 10 mm. That is, from 0 to the value about 20,000 the 
distance decreases by one 10 mm step, and after that it increases by 10 mm. The conclusion we can draw is 
that the detected displacement of 30 mm, according to the outlier detection tests, corresponds to an actual 
displacement of 10 mm. 
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Conclusion

The research has shown that GNSS receivers can achieve the accuracy required for horizontal deformation 
monitoring. These methods enable displacement information to be produced almost immediately, making them 
highly suitable for applications such as dam surveillance or landslide early-warning systems. Real-time GNSS 
monitoring can be linked with automated processing software and alert systems. When displacement values 
exceed predefined thresholds, notifications can be sent directly to engineers. Compared with traditional 
displacement monitoring, this method has significant economic, efficiency, and data integrity advantages. By 
employing the monitoring approach described for the analysis of outlier detection methods, it is possible to 
improve the detection of movements and to enhance the evaluation of structural health in constructions or 
terrain assessments. 
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ABSTRACT 
This paper treats geotechnical and structural monitoring as an active risk-management process in urban 
underground construction. The Observational Method provides the framework that links baseline 
measurements, data reliability, engineering interpretation and predefined actions. Conventional instruments 
are considered alongside DFOS, InSAR, DAS, automated total stations and wireless sensor networks. 
Particular attention is given to TBM-induced ground movements, deep excavations, instrument placement, 
adaptive monitoring frequency and hierarchical alert levels. The review shows that monitoring is effective only 
when design assumptions, construction parameters, verified data and decision-making responsibilities are 
connected through a clear and traceable procedure. 
Keywords: geotechnical monitoring, Observational Method, TBM, DFOS, InSAR 
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MACHINE LEARNING-BASED PREDICTION OF PERMEABILITY IN ANTHROPOGENIC AGGREGATES: 
TOWARDS SIMPLIFIED ENGINEERING MODELS 
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ABSTRACT 
The increasing use of anthropogenic aggregates in sustainable geotechnical engineering creates a need for 
reliable and cost-effective permeability assessment. This paper proposes the TRIM (Test Reduction through 
Interpretable Machine Learning) framework for engineering-oriented optimization of laboratory 
characterization. The framework integrates ensemble-learning methods with explainable artificial intelligence 
(XAI) to support the identification of a Lean Parameter Set (LPS), representing the smallest practical set of 
laboratory parameters required for reliable permeability prediction. The proposed methodology provides a 
conceptual basis for reducing laboratory effort while supporting transparent, interpretable, and practically 
applicable machine-learning models for anthropogenic aggregates. 
Keywords: anthropogenic aggregates, permeability coefficient, hydraulic conductivity, machine learning, 
ensemble learning, explainable artificial intelligence (XAI), TRIM framework, Lean Parameter Set (LPS), blast 
furnace slag, geotechnical engineering. 

1. Introduction 
The increasing implementation of circular economy principles has accelerated the use of anthropogenic 
aggregates in civil and geotechnical engineering. Recycled concrete aggregate (RCA), blast furnace slag 
(BFS), steel slag, and other industrial by-products are increasingly used in road embankments, pavement 
subbases, drainage systems, and earth structures as sustainable alternatives to natural aggregates. Their 
application reduces the consumption of primary mineral resources, limits landfill disposal, and supports 
environmentally responsible construction practices. Comprehensive reviews indicate that the long-term 
implementation of recycled geomaterials requires reliable characterization of their hydraulic, mechanical, and 
environmental properties, particularly in transportation and geotechnical infrastructure [1,2]. Among the 
engineering properties governing the performance of these materials, the permeability coefficient is of 
particular importance because it directly influences seepage, drainage efficiency, filtration capacity, frost 
susceptibility, and the long-term durability of geotechnical structures. Reliable permeability assessment is 
therefore essential during material selection and engineering design. However, laboratory determination of 
hydraulic conductivity remains laborious, expensive, and time-consuming, particularly for heterogeneous 
anthropogenic geomaterials whose hydraulic behavior depends on particle-size distribution, density, porosity, 
compaction conditions, and material origin. Similar challenges have also been reported for natural soils and 
porous geomaterials, motivating extensive research into data-driven prediction methods [3,4]. 
Initial investigations of anthropogenic aggregates focused on experimental characterization of hydraulic and 
environmental properties. Studies on recycled concrete aggregates confirmed their suitability for earth 
structures while highlighting the relationship between permeability and leaching behavior [5]. Similar 
investigations demonstrated the engineering potential of steel slags as alternative construction materials [6], 
and analytical approaches for estimating the permeability coefficient of recycled aggregates were 
subsequently proposed [7]. Comparable developments have been reported for porous rocks and carbonate 
reservoirs, where machine-learning and analytical models have progressively replaced conventional empirical 
permeability correlations [8,9]. The development of machine learning has created new opportunities for 
predicting the hydraulic properties of soils and porous materials. Recent studies consistently demonstrate that 
ensemble-learning algorithms, particularly Random Forest, Gradient Boosting, XGBoost, and CatBoost, 
outperform many traditional empirical and analytical approaches in permeability and hydraulic conductivity 
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prediction [1,3]. Comparable conclusions have been reported for permeability prediction in porous media using 
neural networks and image-based learning [8], as well as for digital rock applications employing deep-learning 
techniques [9]. Subsequent investigations also confirmed the applicability of Random Forest and boosting 
algorithms to anthropogenic aggregates, showing that accurate prediction can be achieved using laboratory-
derived physical and granulometric parameters [10,11]. More recently, machine-learning techniques have 
been extended beyond prediction itself to support the efficient management and engineering evaluation of 
anthropogenic materials [12]. Despite these advances, current research has largely focused on improving 
prediction accuracy by increasing model complexity or incorporating a growing number of laboratory variables. 
At the same time, recent developments in explainable artificial intelligence (XAI), physics-guided machine 
learning, and uncertainty-aware modeling indicate a gradual shift from purely accuracy-oriented prediction 
toward more reliable and physically interpretable engineering models [13,14]. Despite these advances, 
relatively little attention has been devoted to optimizing laboratory characterization itself, particularly with 
respect to identifying the minimum set of experimentally determined variables required to maintain reliable 
permeability prediction. From an engineering perspective, reducing laboratory testing while preserving 
predictive performance could substantially decrease experimental costs and facilitate the practical 
implementation of machine-learning methods. To address this research gap, the present paper proposes the 
Test Reduction through Interpretable Machine Learning (TRIM) framework as a conceptual engineering 
approach for optimizing laboratory characterization in permeability prediction of anthropogenic aggregates. 

2. Evolution of Machine Learning-Based Permeability Prediction in Anthropogenic Aggregates 
2.1 From Experimental Characterization to Predictive Models 
Research on anthropogenic aggregates has traditionally focused on experimental investigations aimed at 
understanding their hydraulic, mechanical, and environmental behavior, with particular attention devoted to 
recycled concrete aggregate (RCA), blast furnace slag (BFS), and steel slag because of their growing 
application in sustainable road construction and geotechnical engineering. These studies demonstrated that 
anthropogenic aggregates exhibit hydraulic properties broadly comparable to those of conventional natural 
aggregates, while also showing considerably greater variability associated with production technology, particle 
morphology, residual mortar content, and internal pore structure [5,6]. Comparable observations have been 
reported for natural soils, granular geomaterials, and porous rocks, where permeability has repeatedly been 
shown to depend primarily on pore connectivity, particle-size distribution, porosity, tortuosity, and pore-network 
geometry rather than on total porosity alone [3,15]. More recent investigations employing X-ray CT and digital 
rock analysis have further confirmed that connected porosity and pore-throat architecture govern fluid transport 
in heterogeneous porous media [16]. To facilitate engineering applications, analytical models relating the 
permeability coefficient to selected physical properties were subsequently developed. An approach dedicated 
specifically to RCA was proposed by Sas et al. [7], who demonstrated that permeability could be estimated 
from experimentally determined physical parameters. Their applicability remained limited by simplifying 
assumptions and reduced flexibility when applied to highly heterogeneous anthropogenic materials. Analogous 
limitations of empirical permeability equations have also been reported in soil mechanics, motivating the 
search for more robust, data-driven prediction methods [4]. 

2.2 Emergence of Machine Learning Approaches 
The rapid development of machine learning introduced a new paradigm for permeability prediction, replacing 
predefined analytical relationships with data-driven models capable of learning complex nonlinear interactions 
among laboratory variables. Over the past decade, machine learning methods have gained increasing 
popularity in geotechnical engineering, as they require fewer assumptions about material behavior while 
delivering substantially improved predictive performance. Early review studies highlighted the considerable 
potential of machine-learning algorithms for estimating flow parameters in recycled construction materials and 
identified ensemble-learning methods as particularly promising tools for civil engineering applications [1,17]. 
These conclusions are consistent with broader developments in hydraulic conductivity prediction, where 
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Random Forest, Gradient Boosting and XGBoost, have repeatedly outperformed conventional empirical 
equations  [3,18,19]. 
Machine learning has likewise gained importance in rock physics and porous-media characterization. Neural 
networks, transformer-based architectures, and hybrid deep-learning models have demonstrated excellent 
predictive capability when permeability is estimated directly from pore-scale images or CT-derived structural 
descriptors [9,20]. Random Forest demonstrated excellent performance for permeability estimation of blast 
furnace slag while preserving satisfactory model robustness and interpretability [10]. Comparable conclusions 
were obtained using AdaBoost, confirming that ensemble-learning techniques constitute reliable tools for 
permeability prediction under heterogeneous laboratory conditions [21]. More recently, machine-learning 
methods have also been proposed as decision-support tools for the sustainable management of 
anthropogenic materials [12]. 

2.3 Current Challenges in Machine Learning-Based Permeability Prediction 
Despite the substantial improvement in predictive accuracy achieved in recent years, several important 
challenges remain unresolved. Most published machine-learning models rely on relatively large laboratory 
datasets describing particle-size distribution, density, porosity, compaction characteristics, moisture conditions, 
and additional material descriptors. Increasing the number of input variables frequently improves prediction 
accuracy but also increases laboratory effort, experimental cost, and model complexity. At the same time, 
recent advances in Explainable Artificial Intelligence (XAI) indicate that only a limited subset of laboratory 
variables dominates model predictions. SHAP-based analyses consistently identify physically meaningful 
descriptors, such as characteristic particle diameters, porosity, dry density, void ratio, and particle-size 
distribution parameters, as the most influential predictors of permeability and hydraulic conductivity [22,23]. 
Recent advances in explainable artificial intelligence and uncertainty-aware machine learning have shifted the 
focus from prediction accuracy alone toward developing models that are more robust, interpretable, and 
suitable for engineering applications [13,14]. These observations suggest that future advances in permeability 
prediction should focus not only on developing increasingly sophisticated algorithms but also on optimizing 
laboratory characterization through systematic reduction of input variables while preserving engineering 
reliability. 

2.4 Motivation for the TRIM Framework 
The evolution of permeability prediction demonstrates a clear transition from laboratory characterization and 
analytical formulations toward advanced machine-learning models with increasing predictive capability. 
Despite this progress, the literature has focused predominantly on improving model performance, whereas 
comparatively little attention has been devoted to optimizing the laboratory information required for reliable 
prediction. Consequently, the next logical step is not necessarily the development of increasingly sophisticated 
prediction algorithms but the optimization of laboratory characterization itself. This observation motivates the 
proposed Test Reduction through Interpretable Machine Learning (TRIM) framework, which introduces an 
engineering-oriented perspective by considering predictive performance together with laboratory effort and 
practical applicability. Table 1 summarizes this evolution and highlights the research gap addressed in the 
present study. 

Table 1. Evolution of permeability prediction in anthropogenic aggregates 

Research stage Main objective Representative methods Representative studies Remaining challenge 

Experimental
characterization 

Determine permeability
through laboratory testing

Constant-head and falling-head
tests; laboratory characterization

G uchowski et al. [5]; Sas
et al. [6] 

Time-consuming and
expensive laboratory
investigations 

Analytical
prediction 

Estimate permeability
using empirical
relationships

Analytical equations based on
physical parameters Sas et al. [7] Limited applicability to

heterogeneous materials 
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Research stage Main objective Representative methods Representative studies Remaining challenge 

Machine-learning
prediction 

Improve prediction
accuracy 

ANN, Random Forest,
AdaBoost, XGBoost, CatBoost 

Dzi cio  & Sas [1];
Dzi cio  [17]; Dzi cio  &
Sas [10]; Yaghoubi et al.
[2]

Increasing number of
laboratory input variables 

Advanced
machine learning 

Improve robustness and
predictive capability 

CNN, Transformers, transfer
learning

Zhong et al. [8]; Meng et
al. [9]; Geng et al. [20] 

High data requirements
and limited interpretability 

Interpretable and
physics-guided AI

Improve transparency
and engineering
credibility 

SHAP, XAI, Physics-Guided ML,
Physics-Constrained ML 

Zounemat-Kermani &
Kheimi [13]; Zhang &
Darilmaz [11] 

Optimization of laboratory
characterization remains
largely unexplored 

As illustrated in Table 1, previous developments have primarily focused on improving predictive capability, 
whereas engineering-oriented optimization of laboratory characterization remains largely unexplored. The 
proposed TRIM framework is intended to address this research gap. 

3. Proposed Test Reduction via Interpretable Machine-learning (TRIM) Framework 
Building upon the research gap identified in Section 2, this paper proposes the Test Reduction through 
Interpretable Machine Learning (TRIM) framework as a conceptual engineering approach for optimizing 
laboratory characterization in permeability prediction of anthropogenic aggregates. Rather than introducing 
another machine-learning algorithm, the proposed framework is intended to support the identification of a Lean 
Parameter Set (LPS), defined as the smallest practical subset of laboratory parameters expected to maintain 
reliable predictive performance while reducing laboratory effort.
The proposed framework is based on the assumption that laboratory variables do not contribute equally to 
permeability prediction. Previous studies have consistently demonstrated that a limited group of physically 
meaningful parameters, including particle-size distribution descriptors, dry density, porosity, and void ratio, 
often dominate prediction performance, whereas additional laboratory measurements may provide only 
marginal improvements despite increasing experimental effort [11,22].
Consequently, the proposed optimization strategy assumes that laboratory characterization may be simplified 
without substantially compromising predictive capability, provided that variable selection simultaneously 
considers predictive relevance, physical interpretation, measurement effort, and engineering applicability. 
Unlike conventional feature-selection procedures, which primarily optimize statistical performance, TRIM is 
intended to integrate engineering considerations directly into the optimization process. Instead of selecting 
variables solely because they improve prediction accuracy, each laboratory parameter would be evaluated 
according to four complementary criteria reflecting both machine-learning performance and practical 
engineering requirements (Table 2). 

Table 2. Engineering-oriented criteria applied in TRIM. 

Criterion Objective Engineering significance 
Predictive importance Maintain high prediction accuracy Preserve model performance 
Physical relevance Retain physically meaningful variables Improve engineering credibility 
Laboratory effort Minimize required laboratory measurements Reduce testing time and costs 
Practical applicability Use parameters routinely determined in engineering laboratories Facilitate practical implementation 

The proposed TRIM process is shown in Figure 1. First, laboratory data would be collected, verified, and 
preprocessed using standard quality-control procedures. Second, baseline ensemble-learning models would 
be developed using the complete laboratory dataset. Third, Explainable Artificial Intelligence (XAI) techniques 
would be employed to quantify the contribution of individual laboratory parameters and establish their relative 
engineering relevance. Finally, laboratory variables would be progressively evaluated for elimination through 
an iterative optimization procedure in which predictive performance and laboratory effort are jointly assessed. 
The objective of this process would be to identify a candidate Lean Parameter Set (LPS) representing the 
smallest practical subset of laboratory variables expected to preserve satisfactory predictive performance. 
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Figure 1. Workflow of the TRIM framework. 

The proposed framework extends conventional machine-learning workflows by introducing an engineering-
oriented optimization stage intended to identify a candidate Lean Parameter Set (LPS) for reliable permeability 
prediction with reduced laboratory characterization. TRIM is formulated as an algorithm-independent 
conceptual framework that may be implemented using various regression techniques. 

4. Explainable Artificial Intelligence within the TRIM Framework 
The proposed Test Reduction through Interpretable Machine Learning (TRIM) framework assumes that 
Explainable Artificial Intelligence (XAI) may provide the analytical basis for identifying the Lean Parameter Set 
(LPS). Rather than treating explainability solely as a post hoc model interpretation tool, the proposed 
framework considers XAI as a potential mechanism supporting engineering-oriented reduction of laboratory 
testing by identifying variables that contribute most significantly to reliable permeability prediction. Among 
currently available explainability techniques, SHapley Additive exPlanations (SHAP) appear particularly 
suitable for this purpose because they provide both global and local measures of feature importance while 
preserving physical interpretability through a theoretical foundation based on cooperative game theory [25]. 
Recent reviews indicate that SHAP has become one of the most widely adopted explainability techniques in 
hydrology and geotechnical machine learning [15]. SHAP may effectively identify laboratory variables 
governing permeability and hydraulic conductivity across different geomaterials. Studies involving compacted 
bentonite [23], polymer-amended soil-bentonite cutoff walls [24], and coarse-grained road materials [26] 
consistently indicate that only a limited subset of experimentally determined variables dominates model 
predictions. These findings provide the conceptual motivation for applying explainability-based feature 
optimization to anthropogenic aggregates. Within the proposed TRIM framework, laboratory variables would 
be ranked according to their contribution to predictive performance using SHAP and complementary 
explainability techniques. Variables exhibiting consistently low importance could subsequently be considered 
candidates for elimination, whereas variables demonstrating both high predictive contribution and clear 
engineering interpretation would form the proposed Lean Parameter Set (LPS). Consequently, feature 
selection would no longer depend exclusively on statistical performance but would additionally consider 
physical relevance and laboratory practicality. Although SHAP constitutes the principal explainability technique 
considered within TRIM, complementary methods may further strengthen the proposed optimization 
procedure. Partial Dependence Plots (PDP) may verify whether identified relationships remain physically 
meaningful, Individual Conditional Expectation (ICE) may support interpretation of sample-specific behavior, 
whereas permutation importance may provide independent validation of feature rankings (Table 3). 

Table 3. Role of explainable artificial intelligence within the TRIM framework. 

XAI technique Primary purpose Potential contribution to TRIM 

SHAP Global and local feature attribution Identification of candidate variables for the Lean
Parameter Set 

Model-based feature importance Initial ranking of predictor relevance Preliminary feature screening 

Permutation importance Independent validation of feature
relevance Confirmation of variable ranking robustness 

Partial Dependence Plots (PDP) Analysis of nonlinear feature effects Verification of engineering consistency 
Individual Conditional Expectation
(ICE) Analysis of sample-specific responses Identification of heterogeneous predictor behavior 
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The combined application of these explainability techniques is expected to increase confidence in the 
proposed optimization process by reducing the likelihood that variable selection is driven by statistical artefacts 
rather than genuine physical relationships. This aspect may be particularly important for anthropogenic 
aggregates, where heterogeneous material origin and relatively limited experimental datasets frequently 
complicate predictive modelling. It should be emphasized that the proposed role of XAI within TRIM remains 
conceptual. The present study does not demonstrate the effectiveness of explainability-based laboratory 
optimization but proposes a research framework integrating recent advances in ensemble learning, 
explainable artificial intelligence, and engineering-oriented feature selection. Experimental validation of the 
proposed Lean Parameter Set (LPS) using laboratory datasets representing different categories of 
anthropogenic aggregates constitutes the next stage of this research. 

5. Conclusions 
This paper proposes Test Reduction through Interpretable Machine Learning (TRIM) as a conceptual 
framework for engineering-oriented optimization of laboratory characterization in permeability prediction of 
anthropogenic aggregates. Unlike conventional machine-learning studies, which primarily focus on maximizing 
predictive accuracy, the proposed framework shifts the optimization objective toward reducing laboratory effort 
while maintaining reliable engineering predictions. The central concept of TRIM is the proposed Lean 
Parameter Set (LPS), defined as the smallest practical subset of laboratory variables expected to preserve 
satisfactory predictive performance. Within this framework, Explainable Artificial Intelligence (XAI) is proposed 
not only as a model interpretation tool but also as a potential mechanism supporting engineering-oriented 
feature selection by combining statistical importance with physical relevance and practical laboratory 
considerations. It should be emphasized that TRIM represents a conceptual engineering framework rather 
than a validated optimization methodology. The present study establishes its theoretical foundations by 
integrating current developments in ensemble learning, explainable artificial intelligence, and engineering-
oriented feature selection into a unified approach for laboratory test reduction. Experimental verification of the 
framework, including validation of the proposed Lean Parameter Set using laboratory datasets representing 
different categories of anthropogenic aggregates, constitutes the next stage of this research. 
If successfully validated, the proposed framework may contribute to the development of simplified, 
interpretable, and practically applicable machine-learning models requiring fewer laboratory measurements 
while maintaining reliable permeability prediction. Such an approach has the potential to improve the efficiency 
of laboratory investigations and support the broader implementation of anthropogenic aggregates in 
sustainable geotechnical engineering. 
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ABSTRACT  
Natural cyclical global climate change increases extreme rainfall and flooding in some regions, raising risks in 
opencast mining. These changes affect hydrogeological and hydrological conditions, requiring continuous 
redesign and optimization of dewatering systems aligned with geomechanical conditions and environmental 
standards. Evolving geotechnical properties of excavated materials demand careful monitoring of slope 
stability, including factors of safety and failure probabilities, especially for overburden dumps. This paper 
analyzes slope instability at the upper bench of an overburden dump at the opencast coal mine Field E, 
highlighting key risks and mitigation measures. 

Introduction

Dewatering of opencast mines is conditioned by very dynamic mining processes that are influenced by many 
natural, geotechnical, technological, economic, climatic, ecological, and safety factors and restrictions 
throughout all periods of the life cycle. Dewatering is one of the key processes for slope stability and for 
providing technical support for the realization of the opening, planned development, production, and closure of 
an opencast mine, as well as the process of rehabilitation with reclamation. 
Management of stochastic processes of opencast mine dewatering, geotechnical (slope stability), and 
hydrological subsystems, serially connected as a complex system (DGH), should continuously ensure 
unhindered, environmentally sustainable functioning in increasingly challenging climatic conditions. Extreme 
and increasingly frequent precipitation, stormwater, and the possibility of flooding due to climate change 
generate additional risks for surface water-related equipment, infrastructure, production, and slope stability, 
requiring an ever-increasing need for new decisions and adaptive dewatering measures in opencast mines [3, 
6, 7, 9]. The current impacts and future anticipated risks associated with extreme climate events demand 
sustainable solutions for climate change adaptation and stormwater and flood disaster risk reduction, which 
are particularly pronounced in opencast mines. These solutions include flood insurance, forecasting, and early 
dewatering and slope stability monitoring and warning systems, constant designing and planning of the 
dynamics of DGH operation in accordance with reliability, costs, new return periods, and increasing the level of 
management, education, and responsibility. Quantitative analysis with calculation of the probabilities of 
occurrence of such stochastic events and assessment of the corresponding economic consequences enable 
the definition of risk and optimization of DGH parameters. 
Increased requirements for the process of progressive and integrated dewatering in all phases of the 
development of opencast mines have led to a significant step forward in technical and technological research, 
and the improvement of equipment, which is accompanied by many papers, standards, and regulations in this 
area [1, 2, 10]. There is also a considerable amount of research worldwide in all water-related scientific fields 
regarding floods and hydrological and geotechnical conditions [4, 5, 6, 9, 11]. 
Catastrophic floods around the world have caused enormous consequences, including high costs for the 
rehabilitation of infrastructure facilities, equipment, the stabilization of landslides, and production [7, 8] (Figure 
1). This has caused the need for serious changes in the approach to dewatering and the planning of DSH 
facilities for opencast mine construction, with respect to shortening the return periods of heavy rainfall and 
increasing DSH reliability, in accordance with life cycle risk and environmental management analyses and 
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procedures and the series of globally accepted standards ISO 14001:2026 and ISO 31000:2018, aligned with 
the Plan-Do-Check-Act cycle, which is a common model for management system design. 

Figure 1 Landslide and flood on Serbian opencast mines 

The dewatering systems play a key role in controlling the flow and accumulation of water in opencast mines. 
Effective systems maintain a balance of forces in the working environment and reduce the risk of opencast 
mine slope instability, which often geotechnically results in reduced shear strength and potentially catastrophic 
slope failure. Progressively correct dimensioning of dewatering facilities enables the reduction of pore water 
pressure in the working environment materials, the prevention of slope erosion, and the control of the inflow of 
large amounts of water, thereby mitigating the effects of flooding. Therefore, it is necessary to optimize the 
capacities of the elements of the surface and groundwater drainage subsystems in relation to the costs of 
increased risk. 
A detailed study of the problem of flooding is mainly related to large cities, but these experiences and research 
can also be applied to opencast mines. The changes in the 21st century compared to the 20th century are 
significant. Thus, for the Tokyo area, it was determined that the return period of floods and storms of 50 years 
before global climate change now corresponds to a return period of 20 years (Figure 2) [4]. 

Figure 2 Return periods for the 20th and 21st centuries [4] 

Increasing the reliability of the opencast mine dewatering system and slope stability, i.e. reducing the risk of 
catastrophic flooding, requires, in addition to the optimization of the facilities' parameters, an increase in 
dewatering and production costs. 

1 Risks of the complex DGH system
According to the classic definition, the risk of DGH system failure is the probability of occurrence of a situation or event 
that can have negative consequences for the function and operation of the opencast mine. For multiple serially 
connected subsystems of the opencast mine DGH system, which have mutually exclusive failure causes, the risks 
associated with them are evaluated and accumulated into the total risk, which generally is: 

RDGH = Pf1*C1+…+ Pfi*Ci = Pf1*C1+…+ Pfi*Ci        (1) 
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Where: RDGH - total risk of opencast mine system failure
Pfi - failure probability of the i-th element or subsystem (i = 1,..., n)
Ci - expected losses due to failure of the i-th DGH system subsystems  

Any individual risk of failure Ri = Pfi*Ci could be acceptable, while the aggregate risk might be unacceptable. 
The total risk of opencast mine failure in serial systems consisting of subsystems or elements might be 
unacceptable because it may cause a high risk of system failure as a whole, even though the risk of failure of 
every individual subsystem or element is acceptable. 
The basic losses resulting from failures due to hydrological storm water, dewatering, and geotechnical causes 
can be classified into several main categories [6, 9]: Loss of life or damage to health; losses associated with 
damage to the environment, mine contour slopes, equipment, and infrastructure of the opencast mine; 
financial losses, including loss of planned production, the cost of intervention and repair, social unrest, cost 
overruns, changes in capital costs, legal penalties, etc.; and loss of reputation, including mistrust in production 
stability and management, social changes, etc. Total dewatering failure losses in opencast mines are usually 
expressed in monetary units. 
The cost of stormwater or flood risk in current known conditions C0 and in conditions of future increases due to 
climate change C1 is Pf0*C0 and Pf1*C1 respectively. The change in flood risk costs is the difference between 
these two values: (Pf*C) = Pf1*C1 - Pf0*C0.  The impact on flood and stormwater risk costs on opencast mining 
can be determined by the simple, worldwide adopted factor FRIF (Flood Risk Impact Factor) [4]. The value of 
this factor is:

FRIF = (Pf1*C1 - Pf0*C0)/Pf0*C0          (2) 
A positive value of the FRIF factor indicates an increased risk of flooding, while a negative value indicates a 
decrease in the effect of risk in case of changes in opencast mining dewatering and slope stability and other 
environmental conditions. 
Complex DGH system failure probability of i-th elements or subsystems within a serial connection can be 
described by different distribution laws, depending on the characteristics of the system and its elements, 
operating conditions, failure characteristics, and so on. The simplest, in practice for systems with non-
stationary processes, verified and most commonly used, is the exponential distribution law of the DSH system 
with n subsystems reliability: 

                                            (2) 
Where: t - set operating time, ai - distribution parameter (failure intensity).
For the given acceptable operation reliability, the necessary subsystems failure intensities are: ai = ln(Poi)/t.
The average time to the first operation failure of the DGH system for each of the subsystems is: 

                                 (3) 

The structural schemas can define unambiguous operation or failure of the system. System elements are 
connected in series. If the DGH system consists of n elements connected in series, the DGH system reliability 
or probability of functional operation until failure, PrDGH(t) is:  

     (4)
Probability of the system failure is: 

            (5)
In addition to the already shown probabilities of operation and failure of the dewatering system at time t, used 
in designing stormwater-related hydraulic structures, it is especially important to add the probabilities of failure 
that cannot be controlled in cases of extreme rainfall, with consequences such as stormwater floods or 
possible accompanying bench slope failures and severe erosion. They can cause extremely high costs for 
opencast mines, both due to remediation and due to the accompanying jeopardy to production. It is usual that, 
in addition to discrete geometric distributions, in these non-stationary cases, to obtain the probability of failure 
of the hydrological subsystem, a continuous exponential distribution is more suitable [9, 11], with a parameter 
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related to the return period or time to failure (Tr) of a rainfall event and catastrophic flooding events with 
intensity c, where c = 1/Tr, when this probability amounts to:

Ppf = 1-exp(-c*t)           (6) 
Geological, hydrogeological, geotechnical, and opencast mining dewatering risks with corresponding 
consequences due to slope sliding and floods are mostly associated with insufficiently defined models with a 
lower than expected level of confidence for the relevant project level, non-compliance with established 
procedures, insufficient monitoring, and human errors. Once the hazards have been identified, it is necessary 
to determine the associated risks in terms of what can happen, when and where, how events affect the 
objectives of the opencast mining operation, and why. For DGH system risk analysis, as a complex integral 
process, qualitative, semi-quantitative, or quantitative methods are used. From several engineering 
techniques, qualitative effects and criticality analysis (FMECA), or the developed modified quantitative analysis 
VFMECA [6], which is recommended by the ISO 31000 standard series, can be effectively used. 

Integrated DSH system probabilities and risks 

The basic determination of the dewatering subsystem reliability (Prd) generally includes surface dewatering 
objects (canals, water collectors, pump stations, etc.) with pipelines and groundwater dewatering objects 
(dewatering wells, pipes, collectors, etc.). The geotechnical subsystem reliability (Prg) is related to the 
influence of open-pit mine slope stability safety factor (FS) in connection with probability of failure (PF) and 
pore pressure (pu) with reliability (Prf), and also the hydrological subsystem, calculated on the basis of 
rainfall return period with reliability (Prh), should be added to that in a total serial connection. Then, generally, 
the total failure probability of the complex DGH system (PfDSH) is: 

PfDGH = 1 - (Prd * Prg* Prh)                  (7)

Acceptable DGH risk can be obtained by previously defining acceptable risk reliability criteria, which can also 
be presented as a percentage of the share of acceptable costs in relation to the total cost of remediation of 
consequences that are acceptable to the company. This also means that the probability of failure must be 
equal to or less than the maximum percentage share of costs acceptable for the company in relation to the 
total DGH system failure consequences rehabilitation costs. DGH system risk can be reduced either by 
reducing the loss given by a failure, or by reducing the probability of failure, or by reducing both. The DGH 
system's only protection against interconnected risks is integrated risk management, which includes the 
assessment of all individual subsystem risks and the overall risk after deciding on each risk reduction 
measure.

For a DGH serial system with mutually exclusive realizations of failure and estimated individual subsystems 
consequences (Cd, Cg, Ch) and risks of subsystems, the aggregated risk is determined from the expression:

RDGH = Prd*Cd+Prs*Cr+Prh*Ch         (8) 

2 Case study

The opencast mine Field E, which is in the opening phase, represents the future basis of coal production from 
the Kolubara basin. Moderately cohesive clay-sand overburden material dumping is realized according to the 
adopted mining project with two benches in the inner dump of the closed opencast mine Field C. With a 
spreader, the upper bench of the dump is realized with a height of 16 m with a natural slope angle of 380 with a 
legally permitted factor of stability Fs = 1.1 [3], predicted pore pressure ru = 0.2, reliability of slope stability Prs
= 0.80 and reliability of extreme hydrological storm water Prh = 0.90 for a period of five years with a return 
period of RP = 50 years (Figure 3 and Table 1). 
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Figure 3 Internal dump of opencast mine Field E 

Taking into account the frequent rainfall and the type of material of the working environment, signs of instability 
of the dump bench slope (Fs  1) were observed (Figure 4). Additional hydrogeological data and monitoring 
show that the pore pressure has increased to ru = 0.3, that the reliability of hydrological extreme rainfall Prh = 
0.85 has decreased and that it is necessary to reduce the rainfall return period to 30 years, that the reliability 
of slope stability Prs = 0.75 has decreased and that the planned efficiency of the dewatering system with 
reliability Prd = 0.7 is insufficient for the observed changes with strict adherence to standard process 
procedures.
The intervention analysis shows that in the first rehabilitation phase it is necessary and urgent to supplement 
the dewatering system with six more wells in order to reduce the pore pressure to planned ru = 0.2. Also, it is 
necessary to change the spreader technological geometry of the dumping scheme with slightly reducing the 
width of the spreader block and with the formation of a supporting embankment (toe berm) with a height of 3.5 
to 4 m, so that the acceptable legal factor of safety Fs = 1.1 is achieved (Figure 4). In this option, the slope 
stability reliability is increased to Prg = 0.90, the probability of stormwater remains Prh = 0.85 for a period of five 
years, within the legal validity of the project, with a return period of 30 years, the practically parallel dewatering 
system reliability increases to Prd = 0.85 (Figure 4 and Table 1) and an acceptable reliability of the serial DGH 
system is achieved at 0.7 (4). Field experience shows that the consequences of a bench slope sliding of Cg = 
3 M€, a drainage system failure of Cd = 2 M€ and stormwater and flooding failure in the amount of Ch = 6 M€ 
can be expected and include equipment and slope slide rehabilitation after the failure and production losses.

Table 1 Risk analysis of complex DSH with precipitation return periods of 50 and 30 years  

States options Dewatering 
failure

probability (5) 
(Prd)

Hydrological 
failure

probability (7) 
(Prr)

Geotechnical
failure probability 

(5) (Prs)

DSH system 
risks (8)  

(M€)
(RDGH)

FRIF
(2)

Projected
RP=50 y; ru=0.2  

0.20 0.10 0.20 1.60 -

Existing  
RP=30 y; ru=0.3 

0.30 0.15 0.25 2.25 +0.41 

Proposed
RP=30 y; Ru=0.2 

0.10 0.15 0.10 1.50 -0.33 

After the realization of this crisis situation, it is necessary in the shortest possible period, depending on the 
implementation of complex technological changes, to reduce the height of the overburden bench to 10 m in 
order to achieve the minimum acceptable factor of safety Fs = 1.2 (Figure 4) [3], which also indicates the 
necessity of accelerating activities on amendments to the appropriate legal geotechnical-mining regulations in 
accordance with the consequences of climate change.
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Figure 3 Factors of safety depending on the bench height (H = 16 m) and the coefficients of pore pressure ru = 0.2 
(upper line) and ru = 0.3 (lower line) with the natural bench slope (a = 380)

Proposed acceptable option with almost double increased capacity of pumping stations, canals, and water 
collectors, with an investment of 0.55 M€, has increased efficiency and achieves a reduction of the total 
complex DGH system failure probability by 55% compared to the previously unacceptable existing state. The 
risk reduction with the risk impact factor FRIF = -0.33 justifies the additional investment in increasing capacity 
and possible dewatering system water flow in the amount of 0.55 M€. This is also economically acceptable to 
the company, bearing in mind the increased dewatering costs of creating a more reliable system for the 
stability of all dump benches and the general slope, and that with the reduced risk by 33%, expressed in 
euros, the total costs are lower than the costs in the existing option risk scenario. Bearing in mind the constant 
development of the mine boundary, the dewatering facilities and geotechnical parameters are also being 
progressively upgraded in accordance with the Life Cycle Management system approach, so that the 
permissible risk check is practically carried out in accordance with the annual production plans. At the same 
time, it is necessary to maintain high technological discipline and monitoring in the implementation and 
maintenance of the progressive and integrated DGH system. 

Conclusion

Growing climate changes accompanied by frequent heavy rainfall and flooding of opencast mines lead to 
significant necessary changes in dewatering system parameters, deterioration of hydrological conditions and 
geomechanical characteristics, especially when it comes to disposal of loose clay-sand overburden materials. 
These conditions impose certain changes in the integrated approach to the calculation of acceptable values of 
influential factors included in the processed example, such as the safety factor, return periods, failure 
probabilities, and technical parameters of the functioning of complex DGH systems. On the example of the 
opencast mine Field E dump, the possibility of applying the set specific model for risk assessment with a 
quantitative approach to the analysis of acceptable failure probabilities and accompanying increased 
consequences was demonstrated. Practice shows that for risk optimization, it is extremely important to perform 
progressive and integrated monitoring of the probability of failure of the DGH system along with constant 
technological, geotechnical, and hydrological research. In this way, improved characteristics of the DGH 
system are achieved with more accurate and time-efficient assessments of the minimum possible 
consequences in changed climatic conditions in accordance with globally accepted risk and environmental 
management standards. 
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ABSTRACT  
Rocks in the coal massif are in a stressed state caused by the influence of the mass of rocks located above 
the massif, as well as by the action of other forces of tectonic origin, which increase horizontal stresses. In the 
upper layers of the lithosphere, a change in rock pressure occurs not only due to technogenic influences, 
sometimes sharp changes are associated with the state of stress of the sedimentary layer. One of the 
manifestations of rock pressure in coal massifs is sudden emissions of coal and gas or rock and gas, which 
allowed us to develop a predictive criterion based on changes in the characteristics of gas mixtures. A 
generalization of geological materials and a comparison of gas mixtures at different states of rock pressure in 
coal mines were carried out. 
Unstable rock pressure in the coal massif correlates with a temporary increase in the gas underflow and its 
redistribution in mining operations during the formation of modern technogenic sections of the lithosphere. 

Introduction.

Under the influence of mineral deposits development, physical processes in the upper layers of the 
lithosphere are constantly changing. Geological processes activated by disturbances during the development 
of coal massifs determine the nature of their displacement and collapse in mining operations. Visible 
manifestations of rock pressure are observed in mining operations without precise tools - deformation and 
destruction of reinforcement, marginal zones of mining operations, pillars, extrusion of host rocks and coal, 
collapse and shooting of rocks, collapses into mining passages. To conduct safe work, it is necessary to have 
the maximum amount of not only geological data, but also the physical and deformation properties of the 
contact of coal seams and rocks, fracturing, and the ability to stratify them. 

In the upper layers of the lithosphere, a change in rock pressure occurs not only caused by man-made 
influences, sometimes sharp changes are associated with the state of stress of the sedimentary layer. In such 
cases, when the rock pressure increases, there are no changes in the massif, and when it decreases, the 
zones of decompression and destruction of rocks are activated, which are poured into the workings. Invisible 
manifestations of rock pressure can be measured with precise instruments, provided that they are constantly 
monitored, which is not always possible during active coal mining [4]. 

A system of measures to determine changes in rock pressure in the directions necessary to ensure the 
safety of coal field development is a necessary condition. 

One of the manifestations of rock pressure in coal-bearing massifs is sudden emissions of coal and 
gas or rock and gas, which allowed us to develop a predictive criterion based on changes in the characteristics 
of gas mixtures [1, 3, 6]. 

A significant contribution to the research and development of this area was made by A. Radziwill, V. 
Lukinov, I. Buchynska, D. Gunia, O. Pravotorova and others [1-6]. 

Purpose of the work: to develop a predictive criterion for changes in rock pressure based on the 
quantitative characteristics of the gas mixture of coal-bearing rock massifs. 
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Materials and methods of the study.

The study was based on materials obtained in 2022 in the Lviv-Volyn basin and in 2005-2021 in the 
Krasnoarmiyskyi district of Donbas. A generalization of geological materials and a comparison of gas mixtures 
at different rock pressure states in coal mines were carried out. Laboratory gas chromatography studies were 
performed in the laboratory of the State Enterprise "Ukrnaukageocenter" in Poltava, headed by the Integrated 
Laboratory, Candidate of Geological Sciences N. Sira.

Presentation of the main material.

Rocks in a coal massif are in a stressed state caused by the influence of the mass of rocks located 
above the rock massif, as well as by the action of other forces of tectonic origin, which increase horizontal 
stresses. The rock massif, before mining, is in equilibrium, which is disturbed after mining and bringing both 
coal and rocks to the surface [1]. When mining coal in the massif, the following rock pressures are 
distinguished: primary, permanent, non-permanent, vertical and lateral. Primary pressure is caused by the 
redistribution of stresses in the rock massif during mining. Permanent pressure does not change over time in 
mining. Non-permanent pressure changes over time due to mining, rock creep and other reasons. Vertical and 
lateral pressures can be defined as both permanent and non-permanent. The investigated workings of the 
Krasnolymanska Mining Company (-720 m) and the Vidrodzhennia Mine (-560 m) can be appropriately 
characterized as workings with unstable rock pressure. 

The following processes occur in the coal massif, which are controlled by rock pressure: 
1. The stress state of the rock massif is formed and the stress caused by the laying of mining works 

changes. 
2. Coal and the rocks containing it shift in various forms. 
3. Interaction of the fastening of mining works with rocks. 
So, as a result of mining operations, forces arise, under the influence of which deformations and 

displacements of rocks occur. These processes proceed until the equilibrium is restored, it is advisable to 
indicate that the restored equilibrium may be disturbed by minor impacts on the coal massif. In such cases, 
rock pressure manifests itself (additionally) in the deflection of the roof rocks, the lifting of the sole, the 
formation of newly formed cracks in the rocks, deformation of the fastening, squeezing of coal from the surface 
of pillars and faces, and the destruction of the walls of the workings. Special forms of rock pressure include 
rock blows, sudden releases of coal and gas or rock and gas. Considering that sudden releases of coal, rock 
and gas occurred in the investigated workings without subsequent ignition, we propose a comparison of gas 
mixtures in the investigated workings (Tables 1, 2). 

Table 1. Gas mixtures determined for sudden emissions, by individual control components, % vol. 

Mine 4 + 2 2 N2 C5H12 + C6H14
SE VK "Krasnolymanska" 25,1 – 28,3 1,4 – 2,5 1,0 69,0 – 71,0  0,025 
EP " Mine Vidrodzhennia" 8,0 – 12,0 0,6 – 1,5 0,0001 82,0 – 85,0  0,6 

Table 2. Gas mixtures determined after sudden releases, by individual control components, % vol. 

Mine 4 + 2 2 N2 C5H12 -C6H14
SE VK "Krasnolymanska" 22,5 – 25,6 2,5 – 3,1 1,0 70,0 – 77,0  0,0004 
SE "Mine Vidrodzhennia" 6,0 – 8,0 3,5 – 4,0 0,0001 88,0 – 91,0  0,0005 

We note the features of the Krasnolymanska coal mine: sudden release, coal, rock and combine 
thrown 200 and 100 m, respectively, along the preparatory work, the fastening is unsuitable for further use. A 
furrow sample was taken from two packs, where the gas indicators from the lower pack are somewhat higher. 
Given the powerful, in terms of force, release at a depth of about 720 m, coal and rock were not crushed to a 
powder state. In our opinion, it was the sharp increase in the rock pressure of the coal massif that caused the 
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sudden release. Given the insignificant changes in the indicators of gas mixtures and the amount of methane, 
it was methane that acted as a stabilizing gas and contributed to the non-flammable course of the situation. 

Peculiarity of the SE "Mine Vidrodzhennia": a significant amount of medium-coarsely crushed coal and 
rock was carried out into the prepared working within the limits where a rupture without displacement was 
recorded. The fastening of the working was broken at the place of coal fallout. Given the increased nitrogen 
indicators, we believe that this situation occurred at the time of a sharp decrease in rock pressure and led to 
the destruction of the coal massif, which was calmer than in the first case considered. 

Therefore, sudden emissions during the growth of rock pressure are characterized by powerful 
consequences and in most cases their development is stopped. The gas mixture contains more than 22.5% 
vol. Methane, with stable hydrogen and nitrogen. 

Sudden emissions during a sudden decrease in rock pressure are characterized by significantly less 
destruction, and the gas mixture contains a significant amount of nitrogen (over 80% vol.) and carbon dioxide 
(up to 4% vol.). After eliminating the consequences of the emission, coal mining can be carried out. 

Unstable rock pressure in the coal massif correlates with a temporary increase in the underflow of gas 
and its redistribution in mining operations during the formation of modern technogenic sections of the 
lithosphere [6]. The consequences of a sharp increase or decrease in rock pressure are observed in the zones 
of decompression of the rock massif. 

Conclusions.

The rock pressure in the coal massif correlates with the underflow of gas and its redistribution in the 
mining operations during the formation of modern technogenic sections of the lithosphere. When the rock 
pressure increases, methane (22.5% vol. and more) is the control component in gas mixtures, and when it 
decreases, nitrogen (over 80% vol.). Considering that when studying the gas composition of the mine 
atmosphere in coal mining operations, both methane and nitrogen are common components, their use as a 
predictive criterion for safe work is relevant. 
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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 

93



 

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

 

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. 
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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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ABSTRACT 
Mass blasting operations in open-pit mines can result in the displacement of blasted rock mass to lower 
working benches, leading to undesirable mixing of ore and waste rock. This negatively affects the quality of the 
extracted material and increases production costs. This paper analyzes the influence of the main drilling and 
blasting parameters on rock mass movement with the aim of limiting such displacement. Measures for 
optimizing drilling and blasting operations are proposed in order to improve the efficiency of the mining 
process.
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CROWN PILLAR MINE DESIGN, USING NUMERICAL HIBRID MODELS 

ABSTRACT
This paper presents a contemporary conception for crown pillar dimensioning as basic element in ore mining 
technology. It must be recognized three technical steps assuring successful solving the problem: 
- Field Mapping and Geometric Properties of fractures; 
- Mining Operation Block Model construction; 
- Explicit Discrete Element Method for Approximation to Derivatives, 
Investigations are based on the real ore mine object in Chelopech mine. The strain-stress condition (SSC) 
analysis are made on the basis of Finite Element Method (FEM) using mesh of triangular and quadrilateral 
elements. In transition from open-pit to underground mining is proposed a hybrid numerical method, including 
Distinct Element Method (DEM) and Finite Element Method (FEM). The successful solution to dimensioning 
the crown pillar needs to formulate three boundary conditions: displacement compatibility, displacement 
continuity and stress equilibrium without separation and slipping between two regions.
Keywords: Rock Mass Discontinuity; Strain-Stress condition; Hybrid Model. 
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  a.            b. 

. 5  a – fractured medium and equivalent continuum; b – Representative 
Elementary Volume (REV) (Jing and Stephansson). 
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[Eijkl] e .

 [Eijkl]
μ . . .  Chen. 

 [Cijkl],  [3] 
                       [Cijkl] = [Eijkl]-1

, ,
,

 = (Ui) + K + W                        (4)

-=[ (Ui) + K + W]/ {d} = 0                   (5)
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 (4)  (5)
U1 - Potential energy due to deformation (strain energy); 

 U2 - Potential energy due to external loads (work done by point forces); 
 U3 - Potential energy due to bolting between blocks (works done by bolting forces); 
 K  - Kinetic energy due to block mass (kinetic energy due to inertia); 
 U4 - Potential energy due to displacement constraints at boundaries (boundary) conditions; 
 U5 - Potential energy due to blocks contacts (interaction between blocks); 
 W - Dissipated energy in the system; 

 = {d} - Displacement vector. 
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APPLICATIONS OF NEURAL NETWORKS TO SLOPE STABILITY PREDICTION 

Kremena Arsova - kremena.arsova@mgu.bg, Dimitar Kaykov 

ABSTRACT 
This study explores the application of neural networks to slope stability prediction. Monte Carlo simulation was 
used to generate representative examples of slope stability assessments. Iterative variations of the physical 
and mechanical properties of soil and rock masses were applied to determine the factor of safety, probability of 
failure, reliability index, and overall distribution of the factor of safety. The probabilistically generated dataset 
can be used to train neural network models capable of identifying complex nonlinear relationships between 
geotechnical parameters and slope stability outcomes. This approach enables faster stability assessment with 
minimal information loss. This in turn can support more reliable decision-making in probabilistic geotechnical 
engineering by accelerating the design stage. 
Keywords: slope stability, multilayer perceptron, Bishop method, probability of failure, reliability index 

1. Introduction 

Managing geotechnical uncertainty and ensuring long-term structural reliability are broader concerns shared 
across geotechnical engineering, from meeting quality-management and regulatory requirements for the 
service life of reinforced concrete structures (Borisov et al., 2023) to safeguarding the durability of small-scale 
structural elements with significant impact, such as tunnel linings and portals, against corrosion (Borisov, 
2025). Slope stability can also be considered an equally challenging area within this field of engineering, 
where maintaining a sufficient factor of safety and stability from possible failures is very important (Duncan, 
2000). The problem is important for geotechnical engineering and appears when designing highway 
embankments, surface mine slopes, earth dams, as well as natural slopes influenced by rainfalls, seismic 
actions and human intervention. Conventional methods of slope stability are limit equilibrium methods where a 
failure surface of the mass is divided into several slices and the equilibrium of forces and moments is 
calculated to obtain the factor of safety. There are multiple limit equilibrium methods which have been 
developed during last decades but the Simplified Bishop method is still among the most commonly used ones 
due to its relative simplicity and the long time of validation on the basis of field case studies. 
Deterministic slope stability analysis utilizes single best-estimate values of mechanical and physical properties 
of the soil or rock mass. It fails to consider natural variability of geotechnical parameters like cohesion, friction 
angle and unit weight. The variability results from natural heterogeneity of geological materials, limitations in 
field and laboratory testing and from spatial variability within the site. In order to overcome this limitation, 
probabilistic slope stability analysis makes use of input parameters as random variables with specific 
probability distribution and propagates uncertainty through slope stability analysis using Monte Carlo 
simulation method. The output of probabilistic analysis is a complete probability distribution of the factor of 
safety which makes it possible to derive the probability of failure and the reliability index. 
Probabilistic slope stability analysis performed with Monte Carlo simulation method has the disadvantage of 
being computationally costly, especially when slope geometry and boundaries between lithological structures 
within the slope are complex. Moreover, deriving reliable estimate of the probability of failure, especially for low 
probabilities needed in engineering design, may require evaluating tens of thousands of individual limit 
equilibrium analyses. This becomes practically problematic when a probabilistic analysis needs to be run many 
times in case of multiple design options or when it is to be used as a part of an optimization/sensitivity 
analysis. 
Artificial neural networks appear to be good candidates to solve this computational problem. Trained on 
representative Monte Carlo datasets, neural networks are able to approximate the nonlinear relationship 
between input geotechnical parameters and factor of safety and hence predict the factor of safety for new 
parameter sets at significantly lower computational cost than conventional limit equilibrium analysis. This study 
evaluates the potential of this technique. Multilayer perceptron networks of various architectures are trained on 
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a Monte Carlo generated dataset obtained using the Bishop Simplified method. Their performance is examined 
depending on network architecture and training sample size. 

2. Background on Artificial Neural Networks in Slope Stability 

Artificial neural networks are computational models that simulate the workings of biological nervous systems. 
They do not follow explicit programming instructions but learn the mapping between inputs and outputs from 
examples by adapting a large number of internal parameters known as weights. This capacity to learn 
complicated nonlinear mappings from data makes neural networks one of the cornerstones of modern 
machine learning (Goodfellow et al., 2016) and a growing area of application in geotechnics where 
relationships are highly nonlinear. Multilayer Perceptron is a classical feedforward neural network, consisting 
of input layer, one or more fully connected hidden layers with nonlinear activation functions and output layer. 
Multilayer Perceptrons are trained with backpropagation algorithm, which propagates the prediction error 
backwards through the network and updates the weights with the gradient descent (Rumelhart et al., 1986). 
One important theoretical result says that a multilayer perceptron with a single hidden layer and a sufficient 
number of neurons can approximate any continuous function with arbitrary accuracy, explaining why such 
networks are called universal approximators (Hornik et al., 1989). This property makes multilayer perceptron 
particularly suitable for the current study, which aims at approximation of the nonlinear mapping between the 
set of geotechnical input parameters and the factor of safety. The validation can afterward be performed on the 
estimated probability of failure and reliability index obtained from Monte Carlo simulation of the input 
parameter values from the actual slope stability analysis.  
Because of this flexibility, multilayer perceptron is used wherever it is necessary to learn a nonlinear mapping 
between numerical features and some target quantity from the data. Their applications for slope stability 
prediction has been developed since early 2000s, motivated by the same computational problem addressed in 
this research. Among the first researchers who demonstrated that backpropagation neural networks can 
estimate the factor of safety and stability of slopes with accuracy similar to conventional limit equilibrium 
analysis were Sakellariou and Ferentinou (2005). Extending this approach Choobbasti et al. (2009) and Das et 
al. (2011) applied multilayer perceptron and differential evolution based neural networks respectively for 
classification of slopes and prediction of factor of safety, while Manouchehrian et al. (2014) combined genetic 
algorithms with slope stability models to find critical slip surfaces. More recently, Suman et al. (2016) 
compared the performance of several artificial intelligence approaches including neural networks, support 
vector machines and ensemble methods and found that data driven models have good predictive accuracy 
once they are trained on sufficiently informative dataset. One common feature in this line of research is that 
the model performance is highly dependent on the quality and informativeness of the training dataset, thus 
making the idea of combining neural networks with Monte Carlo simulation used in the current research 
relevant, as the network is trained on the same probabilistic space, where reliability analysis is performed. 

3. Methodology 

The dataset used to train and evaluate the neural network models was generated by Monte Carlo simulation of 
slope stability, using the Simplified Bishop limit equilibrium formulation. The method discretizes the sliding 
mass into vertical slices and performs force and moment equilibrium analysis along a trial slip surface to 
compute a factor of safety, assuming horizontal interslice forces and satisfying the moment equilibrium about 
the center of the circular slip surface (Bishop, 1955). 
The Monte Carlo datasets used to train the neural network models in this study were generated from a a 
benchmark single slope cross-section (Slide 2), comprising the following geotechnical units: a weathered 
sandy-silt unit (MH weathered A), an underlying weathered silty-sand unit (M weathered A), and a deeper 
Upper Marine Sediment unit. For each unit, cohesion and the angle of internal friction were treated as normally 
distributed random variables, with the mean, standard deviation, and relative minimum and maximum 
truncation limits summarised in Table 1. Within each material, cohesion and friction angle were sampled as a 
correlated pair rather than independently, reflecting the physical tendency of shear strength parameters 
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derived from the same soil unit to co-vary. Monte Carlo sampling and stability analysis was compared for 
efficiency, requiring a comparable computation time of approximately 127 seconds to generate the 1000 
simulation results. 

Table 1. Geotechnical input parameters and probability distributions for the case study slope 

Material Property Distribution Mean Std. Dev. Rel. Min Rel. Max Correlation 

MH weathered 
A

Cohesion
(kPa) Normal 8 2 6 6 

Correlated with Phi 
(same material):  

r=-0.5 

MH weathered 
A Phi (°) Normal 34 3 10 10 

Correlated with 
Cohesion (same 
material): r=-0.5 

M weathered A Phi (°) Normal 24 3 9 9 
Correlated with 
Cohesion (same 
material): r=-0.5 

M weathered A Cohesion
(kPa) Normal 7 2 6 6 

Correlated with Phi 
(same material): 

 r=-0.5 

Upper Marine 
Sediment Phi (°) Normal 17 2 6 6 

Correlated with 
Cohesion (same 
material): r=-0.5 

Upper Marine 
Sediment

Cohesion
(kPa) Normal 4 1 3 3 

Correlated with Phi 
(same material): 

 r=-0.5 

The governing physical and mechanical properties of the soil mass such as cohesion, angle of internal friction, 
and unit weight together with the slope geometry were considered as random variables, described by 
representative probability distributions, instead of fixed deterministic values. In each Monte Carlo realisation, a 
value was sampled independently for every random variable, the factor of safety was calculated using the limit 
equilibrium equations of the method under study with the software Rocscience Slide 2. The process was 
repeated 1000 times, so as to create the complete simulated distribution of the factor of safety. The probability 
of failure was calculated as the ratio of the number of realisations with a factor of safety below 1 to the total 
number of realisations, while the reliability index was calculated under the assumption that the factor of safety 
follows either a normal or log-normal distribution. 
The output of the Monte Carlo procedure therefore included a large set of input-output data for the Bishop 
Simplified method, which served as the basis for the dataset used to train and test neural network models. 
Multilayer perceptron networks were trained on the dataset. Three different network architectures were 
considered: 4-3-2, 5-4 and 5-4-3, where each number indicates the number of neurons in consecutive layers 
of the network. For every architecture, four training sample sizes were considered: 50, 100, 250 and 500 
examples from the dataset, so that the effect of training data size on the quality of the approximation can be 
identified and the point of diminishing returns can be found. 
Training was performed using backpropagation with gradient-based optimisation, minimising the mean 
squared error (MSE) between the predicted and simulated values of output parameters on a part of each 
dataset, reserved for testing. Model performance was then evaluated on testing data set, using R², the mean 
absolute error (MAE) and the root mean squared error (RMSE). Besides those accuracy measures, the time 
taken to train the network and to perform predictions was measured in order to quantify computational 
efficiency gain achieved by the use of the trained neural network instead of the repeated Monte Carlo 
procedure.
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4. Results 

Figure 1 presents the probabilistic slope stability results obtained for this cross-section, the minimum factor of 
safety and the critical slip surface superimposed on the slope geometry. The deterministic factor of safety for 
the critical surface was 1.188, closely matched by a mean simulated factor of safety of 1.190, indicating that 
the probabilistic analysis is well-centred on the deterministic solution. The resulting probability of failure was 
2.900%, corresponding to a reliability index of 1.840 under a normal distribution assumption and 1.966 under a 
lognormal distribution assumption for the factor of safety. These outputs, together with the full simulated 
distribution of the factor of safety, constitute the target values used to train and evaluate the neural network 
models discussed in Section 5. 
Table 2 summarises the results of experiments conducted to evaluate the multilayer perceptron models trained 
on the Bishop Simplified Monte Carlo dataset. Predictive performance significantly increases when the training 
sample size grows from 50 to 500 examples. R² increases from approximately 0.96 to over 0.99, and both 
MAE and RMSE values decrease accordingly. The increase is the largest between 50 and 100 examples of 
training data and becomes progressively smaller as the training sample size increases, showing that the point 
of diminishing returns is reached when the sample size exceeds approximately 250 examples. This means that 
the underlying input-output mapping can be efficiently approximated by a relatively compact neural network, 
and increasing the training sample size appears to be more effective way of improving prediction accuracy 
than the increase in depth or width of the architecture. The deeper 5-4-3 architecture does not consistently 
show advantages over the shallower 5-4 configuration, and sometimes shows worse performance, which is in 
accordance with low dimensionality and relative simplicity of the mapping being approximated. 

Figure 1. Monte Carlo probabilistic slope stability analysis of the case study cross-section and critical slip surface (FS 
deterministic = 1.188; FS mean = 1.190; PF = 2.900%; RI normal = 1.840; RI lognormal = 1.966). 

In terms of training times, there is an insignificant increase in the training time as a function of the sample size, 
which does not exceed 0.32 seconds for any of the architecture and sample size combinations considered. 
Also, the inference time does not significantly depend on the sample size and architecture after training and 
stays below 1.5 milliseconds per inference. This verifies the basic hypothesis, underlying the usage of neural 
networks in this case, which states that a properly trained model is able to deliver predictions regarding slope 
stability several orders of magnitude faster than Monte Carlo simulation and conventional analysis. 
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Table 2. Neural network performance metrics (Bishop Simplified method dataset) 

Architecture – Sample 
size R² MAE RMSE

Probability 
of failure 

(%)

Reliability 
index 

(normal)

Reliability 
index 

(lognormal)
Training 
time (s)

Inference 
time (s)

4-3-2 – 50 0.9575 0.01305 0.02081 2.34 1.987 2.123 0.0705 7.84 × 10

4-3-2 – 100 0.9919 0.00587 0.00900 3.84 1.769 1.876 0.1208 1.13 × 10 ³

4-3-2 – 250 0.9979 0.00315 0.00463 3.92 1.760 1.869 0.2856 9.69 × 10

4-3-2 – 500 0.9947 0.00434 0.00728 3.85 1.768 1.877 0.2766 9.59 × 10

5-4 – 50 0.9858 0.00829 0.01201 3.59 1.801 1.912 0.1539 7.24 × 10

5-4 – 100 0.9979 0.00307 0.00462 3.85 1.769 1.877 0.1846 1.07 × 10 ³

5-4 – 250 0.9977 0.00292 0.00486 3.90 1.762 1.871 0.2669 1.30 × 10 ³

5-4 – 500 0.9981 0.00244 0.00440 3.84 1.769 1.878 0.2963 5.23 × 10

5-4-3 – 50 0.9751 0.00969 0.01592 3.03 1.876 1.996 0.1770 1.20 × 10 ³

5-4-3 – 100 0.9870 0.00763 0.01143 3.61 1.798 1.909 0.2469 1.10 × 10 ³

5-4-3 – 250 0.9977 0.00308 0.00487 3.83 1.770 1.880 0.2877 1.11 × 10 ³

5-4-3 – 500 0.9978 0.00287 0.00464 3.88 1.764 1.873 0.3175 1.15 × 10 ³

Along with numerical estimates of the model's accuracy given in Table 2, a kernel density estimate plot of the 
simulated and network predicted distributions of the factor of safety helps us to assess the quality of the 
reproduction of the probability distribution shape apart from only the point prediction values. Figure 1 presents 
the plot for the Bishop Simplified case. 

Figure 1. Kernel density estimate of the factor of safety distribution (simulated vs. predicted by Bishop Simplified method) 
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5. Discussion 

It appears that neural network models trained on relatively small number of Monte Carlo samples, as little as 
100-250 cases, are capable of replicating the output of a fully probabilistic slope stability analysis with 
relatively high fidelity for the widely used Simplified Bishop limit equilibrium method. It is a favorable result, 
supporting engineering effort and it means that the time-consuming stage of producing a Monte Carlo sample 
needs to be done just once and even on a smaller sample size before the surrogate model will be created. The 
network trained on the method faithfully reproduces the inherent bias of that particular method without 
correcting it, thus the surrogate model should be seen as an acceleration tool of the selected probabilistic 
analysis method and not as a replacement of engineering judgement based on a full-scale stability analysis. 
The nearly constant, sub-millisecond inference time regardless of the architecture combination and sample 
size is perhaps the most important result of this work. This implies that once trained, these models may be 
integrated into any interactive design tool, real time monitoring system or large-scale parametric analysis of 
different slope geometries, without the need for computation of numerous Monte Carlo simulations in the 
process. This property may prove especially useful in probabilistic design, where the factor of safety needs to 
be recalculated multiple times with different combinations of parameters, load cases or design options. 
There are several limitations to the present study worth noting, however. The datasets used to train and test 
the networks were generated for a single slope geometry and a fixed set of assumed probability distributions 
for the input parameters. Generalisation to other geometries or parameter ranges would require retraining, or 
an expanded and more diverse dataset. The analysis was also restricted to a single simplified limit equilibrium 
formulation, the Simplified Bishop method, and did not extend to other methods such as Spencer's method or 
the Morgenstern-Price method, nor was the surrogate model validated against field monitoring data or 
documented slope failures. In the future, the scope of the presented methodology needs to be extended by 
considering a wider variety of slope configurations and parameters' distribution. Moreover, another method of 
sampling, which focuses on the tail end of the factor of safety distribution, needs to be considered for 
improving accuracy and performance of the neural network with respect to relatively smaller amount of 
simulations and in turn training sample size. 

6. Conclusion 

This study investigated the possibilities of application of neural networks for slope stability prediction based on 
Monte Carlo simulation generating a representative probabilistic dataset using the Simplified Bishop limit 
equilibrium formulation. Multilayer perceptron neural networks of different architectures, trained using 50 to 
500 samples, achieved close approximations of the factor of safety, probability of failure and reliability index 
obtained from Monte Carlo simulation. 
The accuracy of approximation improved with the increase in training sample size. The differences between 
the structures used were not significant, indicating that a reasonably sized and trained neural network is 
adequate enough to describe the nonlinear behavior between geotechnical variables and the slope stability 
performance. Training time remained low regardless of configuration, and the inference time was consistently 
sub-millisecond, hence, faster than direct Monte Carlo evaluation. 
Firstly, it is important to note that the prediction obtained through a neural network is different from the result 
derived using the Monte Carlo technique since some residual errors will always exist even with very large 
sample sizes when MAE and RMSE have non-zero values and the coefficient of determination is not equal to 
one. This implies that the surrogate model may be considered as a complete substitute to perform a complete 
probabilistic analysis for design verification purposes. On the contrary, the results demonstrate the suitability of 
this method as a fast and accurate approximation tool to be used in slope design at an early stage where it 
can be used to filter out design options, make a preliminary parameter selection and detect cases where 
further probabilistic analysis must be done before performing the Monte Carlo simulation for final design 
confirmation. In addition, the fact that the reliability index value predicted by the neural network always 
resembles the behavior of the limit equilibrium model shows that the properties of the model are reproduced 
but not ideally improved by the surrogate for the amount of data utilized. This limitation is due to the 
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underrepresentation of the left-hand tail of the factor of safety distribution in the training data, where the small 
number of failures limits the ability of the surrogate model to improve predictions of the reliability index. 
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TAILINGS STORAGE FACILITIES IN BULGARIA: HISTORICAL DEVELOPMENT, CONSTRUCTION 
TECHNOLOGIES AND THE SIGNIFICANCE OF TAILINGS FABRIC FOR LIQUEFACTION ASSESSMENT 

Momchil Boyadzhiev1 and Nikolay Milev2
1 PhD Student – Department of Geotechnics, University of Architecture, Civil Engineering and 
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ABSTRACT 
Tailings storage facilities (TSFs) in Bulgaria have been designed and constructed over decades to fulfill the 
needs of the mining sector. In parallel with active facilities, numerous TSF have been decommissioned—
whether reclaimed or not—where the cessation of tailings deposition does not preclude the presence of 
geotechnical hazards, particularly under seismic impact. Different deposition technologies, raising sequences 
and operational practices have produced spatially heterogeneous tailings deposits whose fabric reflects their 
construction history. The paper traces the development of Bulgarian tailings storage facilities through 
examples of their construction, operational events, technological changes, failures and reconstructions. 
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Hydraulic deposition is discussed in relation to grain-size zonation, stratification, lenticular inclusions and 
hydraulic anisotropy. The state of the tailings, described by density, void ratio and effective stresses, is 
distinguished from their fabric, which is governed by the mode of deposition, particle contacts, ageing and 
possible cementation. These factors influence contractive or dilative response, pore-pressure generation and 
susceptibility to static and dynamic liquefaction. In engineering practice, fabric effects are assessed by 
combining archival records, field and geophysical investigations, and laboratory testing. 
Key words: tailings storage facilities, Bulgaria, construction technologies, hydraulic deposition, tailings 
fabric, liquefaction
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GEOMECHANICS – BASIS FOR DESIGN, BASIS FOR SELECTING THE PARAMETERS OF 
DEVELOPMENT SYSTEMS, BASIS FOR ENSURING LONG-TERM SUSTAINABILITY OF EXCAVATED 

AREAS, BASIS FOR UNDERGROUND MINING OF UNDERGROUND RESOURCES 

PhD. Eng. Georgi Dachev
e-mail: g.dachev@me.government.bg 

ABSTRACT
For the effective implementation of the development system and mining technology, the way of managing the 
state of the mining massif is of particular importance. Geomechanics "participates" in the selection of the 
parameters of the state of the development systems, including ensuring long-term stability. In all cases, the 
state of the massif is determined by the physicomechanical properties of the massif, its damage and the 
requirements for the protection of facilities located underground and on the surface. When determining the 
parameters of the state of the mining massif and accepting the parameters of the development systems, 
including ensuring stability and safety, the following open questions remain: practice has proven it, the 
parameters of the state that work are adopted; the parameters of the development systems are adopted, 
including the adopted geometric parameters laid down in acts issued by state authorities; the factors above 
are determined not by a team of specialists in the field, but by one person, often with a legal capacity other 
than rock mechanics. The report aims to show the role of geomechanics in making design decisions entered 
into the project documentation during design, analysis and evaluation. 
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3
9
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2
6
2
1
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9
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2
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CARBON FUNCTIONS OF PEATLAND GEOSYSTEMS IN THE NORTH-WESTERN REGION OF UKRAINE: 
A REGIONAL ASSESSMENT IN THE CONTEXT OF EUROPEAN EVIDENCE 
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2State Institution "Institute of Environmental Geochemistry of the National Academy of Sciences of 
Ukraine", 34a, Akademika Palladina av., Kyiv, Ukraine, 03142, -mail: pokshevnitskiy@gmail.com

ABSTRACT 
For much of the twentieth century, peatlands were widely regarded as land requiring drainage for agricultural 
use rather than ecosystems of major environmental value. As a result, large areas of peatland across Europe 
were drained during the twentieth century, with consequences that are still being quantified. At that time, the 
importance of peatlands as long-term carbon stores was largely overlooked. Globally, peatlands occupy 
somewhere between 3 and 5% of the land surface and yet hold more than one-third of all soil carbon – more, 
in aggregate, than is contained in the standing biomass of all the world's forests.  
Peatland geosystems of the NWR play an important role in regional carbon storage and greenhouse gas 
regulation, and have been substantially altered by 20th-century drainage whose consequences are still 
unfolding. Abandoned drained peatlands in the NWR are at elevated fire risk during drought years. Peat fire 
events release centuries of accumulated carbon within days and leave no possibility of recovery at human 
timescales. Conservation of intact peatland geosystems and managed rewetting of degraded areas represent 
the most effective land-use interventions for climate mitigation in the NWR – with co-benefits for regional 
hydrology, biodiversity, and the geomechanical stability of peat-underlain infrastructure. 

Introduction

For much of the twentieth century, peatlands were widely regarded as land requiring drainage for 
agricultural use rather than ecosystems of major environmental value. As a result, large areas of peatland 
across Europe were drained during the twentieth century, with consequences that are still being quantified. At 
that time, the importance of peatlands as long-term carbon stores was largely overlooked. Globally, peatlands 
occupy somewhere between 3 and 5% of the land surface and yet hold more than one-third of all soil carbon – 
more, in aggregate, than is contained in the standing biomass of all the world's forests. 

The North-Western Region of Ukraine (NWR) – Volyn, Rivne, Lviv, Ivano-Frankivsk, Chernivtsi and 
Zakarpattia oblasts, together forming the Ukrainian section of the broader Polissia and Carpathian fringe – has 
its own substantial peatland resource. Organic deposits have formed in the floodplains of the Prypiat, Horyn, 
Styr, Sluch and Western Bug rivers, in glaciofluvial depressions between sandy ridges, and along the drained 
margins of ancient lake basins. Annual precipitation across the region ranges from 600 mm in the north to 800 
mm in the Subcarpathian zone (Vozniuk et al., 2017), which is sufficient to sustain active peat formation where 
drainage has not intervened. Peat depths vary enormously – from less than half a metre on the margins of 
complexes to more than 3 metres in well-developed lowland bogs. 

The core question is what happens to the carbon stored in these deposits – under natural conditions, 
under drainage, and under the fire and abandonment that followed the collapse of Soviet-era land 
improvement systems. This paper brings together regional data on NWR peatlands and recent European 
evidence on peatland carbon losses to address that question. It draws mainly on Vozniuk et al. (2017) for 
regional characterization and on European flux and inventory studies from the past decade for quantitative 
context.

Carbon Accumulation Capacity of NWR Peatlands

Peat accumulates because decomposition is slower than production. Under permanently waterlogged 
conditions, the absence of free oxygen shuts down the aerobic microbial pathways responsible for most 
organic matter breakdown. Plant material – mosses, sedges, reeds, wood fragments – piles up as partially 
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decomposed residues, layer upon layer, over timescales measured in centuries and millennia. The carbon 
content of the resulting material is high: typically 45–60% of dry mass, sometimes more. 

In the NWR, peatlands are predominantly eutrophic – that is, fed by mineral-rich groundwater rather 
than rainwater alone. Groundwater supply strongly influences their geochemical characteristics. Eutrophic 
peats tend to have higher ash content than raised bogs, with more calcium, higher pH, and significantly 
elevated concentrations of nitrogen (reaching 2–3% of dry mass in well-developed profiles), phosphorus, 
potassium, and micronutrients including copper (Vozniuk et al., 2017). The organic fraction itself is 
heterogeneous: fresh accumulations are rich in cellulose and hemicellulose, while older, more humified 
horizons consist predominantly of humic acids, fulvic acids, and recalcitrant humin complexes that resist 
further decomposition even under aerobic conditions. 

Carbon stocks in these systems have not been systematically measured at the regional scale for 
Ukrainian Polissia. But comparable eutrophic peatlands in Poland, Belarus and the Baltic states – with similar 
genesis, peat types and depth distributions – typically hold 150–300 tonnes of carbon per hectare. These 
figures should be regarded as indicative estimates until a regional inventory becomes available. Given that 
peat depths along the Horyn and Styr floodplains and in the inter-drainage areas of Volyn and Rivne oblasts 
locally reach 2–3 metres, the aggregate carbon reservoir of the NWR is geochemically substantial. 

Greenhouse Gas Exchange: CO , CH  and N O

Three greenhouse gases matter in peatland carbon accounting: CO , CH , and N O. The relative 
importance of these gases varies with hydrological conditions, particularly water table depth. 

When the water table is at or near the surface, photosynthesis by Sphagnum mosses and vascular 
wetland plants draws CO  from the atmosphere and incorporates it into biomass, part of which eventually 
becomes peat. Below the water table, in strictly anaerobic conditions, the dominant microbial process is 
methanogenesis – the fermentation of organic matter into CH . Methane escapes through the water column by 
diffusion, through the aerenchyma (air-conducting tissue) of emergent plants, and as bubbles from the 
sediment surface. Over a 100-year global warming potential horizon, one kilogram of CH  has the same 
radiative forcing as approximately 28–34 kg of CO . This is why natural, undrained peatlands can show a net 
warming influence in the short term – they emit enough methane to offset their CO  uptake – while functioning 
as net carbon sinks over longer timescales as peat accumulates. 

A decline in water table depth of only 20–30 cm substantially alters carbon cycling. Oxygen penetrates 
the upper peat layers, aerobic bacteria become active, and CO  emissions from decomposition increase 
sharply. Koch et al. (2023) quantified this relationship using flux data from Danish long-term eddy covariance 
monitoring networks and showed that CO  emissions respond predictably – and steeply – to declining water 
table depth. Their results underpin national-scale GHG estimates and have been used to design restoration 
programmes. Rewetting, conversely, has been shown across multiple European studies to reduce net CO
emissions by an average of around 1.43 t CO /ha/year (Darusman et al., 2023), at the cost of somewhat 
elevated CH  production; the net climate benefit of rewetting over decades is generally positive. 

Nitrous oxide adds a further complication – particularly in eutrophic systems like those of the NWR. At 
intermediate moisture levels, where the soil cycles between aerobic and anaerobic conditions, both nitrification 
and denitrification are active simultaneously. These conditions favour intensive N O production through 
simultaneous nitrification and denitrification. In nitrogen-rich lowland peats with 2–3% organic nitrogen, even 
modest drainage can generate N O emissions that represent a meaningful fraction of the total GHG budget. 
Yet N O is rarely measured in Ukrainian peatland studies, and its contribution to national emission inventories 
is likely underestimated. 

What Drainage Does to Peat Carbon

Between the 1950s and the early 1980s, Soviet hydrotechnical improvement programmes installed 
drainage networks across large areas of wetland and waterlogged land in Ukrainian Polissia – including 
substantial areas of organic soil in the NWR. The intended outcome was agricultural productivity. In many 
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agricultural areas, drainage initially increased crop productivity. But the geochemical consequences have 
outlasted the agricultural rationale by decades in many locations. 

Once peat is drained and exposed to oxygen, oxidation begins and does not stop. Under drained 
conditions, peat oxidation continues for decades unless hydrological conditions are restored. Aerobic 
microorganisms that were previously inactive begin breaking down organic compounds that accumulated over 
thousands of years. The surface subsides – compaction, shrinkage, and biological oxidation all contribute – at 
rates typically between 1 and 5 cm per year in cultivated European peatlands (Tiemeyer et al., 2020). The 
carbon released by this process enters the atmosphere as CO  at rates that can reach several tonnes of 
carbon per hectare annually, year after year, for as long as drainage is maintained. 

The scale of this problem across Europe has only recently been quantified at high resolution. A 2025 
analysis published in Nature Communications mapped GHG emission hotspots from drained EU peatlands 
and found that annual emissions amount to between 59 and 113 million tonnes of CO -equivalents that are 
absent from or substantially underreported in national UNFCCC submissions. Ukraine is not included in this 
analysis. But the drained Polissia peatlands share their genesis, peat type and drainage history with the 
systems studied in Poland and the Baltic states, where the emissions data are among the most significant in 
the dataset. 

Peat fires constitute an additional pathway of carbon loss. Drained peat ignites readily – it is, after all, 
a form of incompletely transformed fuel. Peat fires burn underground, slowly, and are extremely difficult to 
extinguish. The abandonment of former agricultural peatlands in the NWR – a process that accelerated after 
1991 and continued unevenly through the 2000s – has left extensive areas of dry, unmanaged organic soil that 
are vulnerable during drought years. A single fire event can release in days or weeks the carbon that 
accumulated over centuries (Page et al., 2002). That carbon does not return on any human timescale. 

Carbon Management and Sustainable Development Implications

The 2013 IPCC Wetlands Supplement was the first attempt to provide standardized methods for 
counting GHG emissions from organic soils in national inventories – and it changed how drained peatlands are 
reported, moving them from a land-use category to an emissions source. The EU’s LULUCF regulation built on 
this, and the obligation to report organic soil emissions now extends progressively to candidate countries as 
well. Ukraine is not exempt from this direction: the 2024 Law on Basic Principles of Climate Policy sets up an 
Emissions Trading System, with a pilot starting in 2026. 

For the NWR, the simplest starting point is keeping intact systems intact. The wetland complexes of 
Prypiat-Stokhid National Nature Park, Rivne Nature Reserve and adjacent protected areas hold their carbon 
as long as drainage is not pushed further into them. These peatlands represent some of the largest terrestrial 
carbon reservoirs in Ukraine. 

Where degradation has already occurred, managed rewetting is the established restoration approach. 
Paludiculture – cultivation of wetland-adapted species such as Sphagnum, reed, and cattail on rewetted peat 
soils – is increasingly discussed in Central and Eastern European contexts as a way to reduce GHG emissions 
while maintaining some economic productivity on land that is no longer viable for conventional agriculture. 

An additional aspect relevant to this conference concerns geomechanical stability. Peat subsidence – 
the loss of surface elevation that follows drainage – reduces bearing capacity and creates differential 
settlement in roads, hydraulic structures and embankments across the Polissia lowlands. The carbon loss and 
the mechanical instability are not separate issues; both come from the same process of aerobic peat 
decomposition. Maintaining higher soil moisture simultaneously improves geotechnical stability and reduces 
carbon losses. 

Conclusions

Peatland geosystems of the NWR play an important role in regional carbon storage and greenhouse 
gas regulation, and have been substantially altered by 20th-century drainage whose consequences are still 
unfolding. The main conclusions are presented below. 
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1. Eutrophic peatlands of the Polissia zone store an estimated 150–300 t C/ha in partially decomposed 
organic matter, with peat depths reaching 2–3 metres in the inter-drainage depressions of Volyn and Rivne 
oblasts and in the floodplains of the Horyn and Styr rivers. Systematic regional inventory data are not yet 
available. 

2. Under natural waterlogged conditions, these systems tend toward net carbon accumulation over 
long timescales, despite simultaneous CH  emissions. Water table position is the dominant control: a drop of 
even 20–30 cm triggers a shift from CO  sink to CO  source through activation of aerobic decomposition. 

3. Large-scale drainage during the Soviet period transformed significant areas of NWR peatlands from 
carbon sinks into chronic GHG sources. The oxidative loss of peat carbon is ongoing and cumulative, and is 
not offset by the agricultural productivity of drained organic soils. 

4. N O emissions from nitrogen-rich NWR lowland peats under partial drainage conditions are not 
currently quantified in national GHG reporting – a gap that likely results in systematic underestimation of total 
GHG contributions from drained organic soils in Ukraine. 

5. Abandoned drained peatlands in the NWR are at elevated fire risk during drought years. Peat fire 
events release centuries of accumulated carbon within days and leave no possibility of recovery at human 
timescales.

6. Conservation of intact peatland geosystems and managed rewetting of degraded areas represent 
the most effective land-use interventions for climate mitigation in the NWR – with co-benefits for regional 
hydrology, biodiversity, and the geomechanical stability of peat-underlain infrastructure. 
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ABSTRACT 
The refuse from grinding process at mining companies is part of the valuable ore – non-waste material. It has 
to be refed for grinding, so that particles reach the size ready for flotation. Significant part of non-ground refuse 
continues not to be ground. With the help of a recycling and sorting company we would perform an experiment 
aiming at minimizing the volume of the refed for grinding refuse. It would save certain power consumption. 
With this article we describe the experimental features. In case of success, a subsystem in the grinding 
process would be built, for less secondary grinding of the refuse. 
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ETHICAL CONSIDERATIONS FOR HUMAN BEHAVIOUR IN TERMS OF SOCIAL AND DIGITAL 
TRANSITION
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ABSTRACT 
This paper examines the role of universal moral values in shaping ethical behaviour during the social and 
digital transition. Drawing on the ideas of renowned philosophers, scholars, and public figures, it identifies 
principles that support the development of ethical culture within the information society, e-government, and 
ethical governance in the cyber environment. Particular attention is paid to the ethical challenges associated 
with artificial intelligence, including transparency, fairness, protection of fundamental rights, and human 
oversight in the use of intelligent digital systems. The paper argues that integrating traditional moral values 
with the principles of cyber ethics and AI ethics is essential for building a sustainable, secure, and human-
centred digital society. 
Keywords: ethics, cyberethics, information society, digital transition, values, ethical behavior. 
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ABSTRACT 
The health, safety and environment policy is a priority commitment to protect people and nature. It ensures 
safe working conditions and reduces the harmful impact on the environment. The goal is to prevent accidents 
and comply with high environmental and labor standards. On the one hand, the documentation ensures that 
important information about working conditions is available to all stakeholders in the enterprise and guarantees 
the commitment of management and employees to implement the measures, and on the other hand, it 
demonstrates to interested and competent authorities and persons that the provision of healthy and safe 
working conditions in the enterprise is in accordance with the requirements of the legislation. 
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