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Preface 

 
 
 

 
Slope deformations represent the most dangerous exogenous geodynamic phenomenon in the Slovak 

Western Carpathians, posing a threat to humans and their property and to natural environment.  
More than 30 years have passed since the publication of the well known monograph of Arnold Nemčok, 

“Landslides in the Slovak Carpathians, 1982”. By the date of the issuance of the book, 9194 slope failures had 
been registered, covering about 1,500 square kilometres, representing about 3% of the entire territory of 
Slovakia. The publication contains several tens of cross-sections and map schematics of landslides, more than 
hundred photographs, corresponding explanations and the text, which became a timeless source of knowledge 
concerning the slope failures distribution in the regional geological, geomorphological and engineering 
geological conditions of Slovakia. In addition to the above assets, the monograph has become the textbook for 
the next generations of engineering geologists, who continued in the work of their teachers, founders of the 
prominent school of Czechoslovak “landslide” geologists.  

Since the date of the issue of the “Landslides in the Slovak Carpathians”, a third stage of slope failures 
inventory was launched and was completed in 1991 and the number of slope failures registered in Geofond rose 
to 15,000. However, in the process of inventory covering different periods, performed by different 
organizations and authors, the map documents often lacked correlation and acceptance of the results of previous 
surveys and inventories. This resulted in numerous confusing multiple registrations of the same slope 
deformations, at the same time with different interpretation of their borders and characteristics, including the 
slope deformation type and activity. As a consequence a demand emerged to create a consolidated database of 
slope deformations at uniform scale of 1:50,000, using modern computer technology. That is how the important 
project of “Atlas of Stability of Slopes in SR at 1:50,000 scale” began, covering a period from 1997 till 2006. 
Although it was based upon the previous inventory, nevertheless the number of the identified landslides 
increased significantly to 21,190 representing 5.25% of the area of Slovakia. Additional further benefit was an 
estimate of the land areas susceptible to slope deformation. 

The Atlas’s database has enabled us to identify the landslide hazard and risk using to-date methods of slope 
failures assessment and prognosis, both at nation-wide as well as regional and site-related scales. However due 
too small scale of 1:50,000 and related incompatibility of the selected topography ZM 50 with the topography 
of larger scales, the Atlas has also limitations for purposes of spatial planning; thus a transition into 
topographically accurate spatial database based on larger scale has become the challenge which is currently 
being solved in cooperation with IT specialists. 

The year 2010 was nicknamed as the Year of Landslides. Due to the extreme climate events of spring of that 
year, hundreds of newly-generated landslides, along with catastrophic floods, wraught damage, mainly in 
Eastern Slovakia. Those with the greatest socio-economic relevance (Nižná Myšľa, Kapušany, Nižná Hutka and 
the others) have been incorporated into the file of sites which are monitored in the scope of Partial Monitoring 
System of Geological Hazards. These to-date encompass 49 monitored sites of all essential types of slope 
failures across Slovakia. At the sites of Okoličné and Veľká Čausa Early Warning Systems have been 
established based on data acquired through long-term observations of groundwater regime and kinematic 
activity. Naturally, large engineering structures such as nuclear power plants, water works, and major 
communication have developed their own monitoring networks, including regular observations of landslides 
and artificial slopes. 

The monograph is arranged into 8 articles with the aim to provide a review of recent slope deformation 
research in Slovakia. The authors of the monograph believe that the book offers to public in Slovakia and 
abroad the essence of the major achievements in the study of landslides since the Handlová Landslide of 
1960/1961. 

The authors take this opportunity to congratulate the founder of the Department of Engineering Geology 
and Hydrogeology at the Faculty of Natural Sciences, Comenius University, Prof. Ing. Milan Matula, DrSc. 
on the occasion of his 90th birthday. Happy Birthday, Professor Matula, good health and many blessed and 
successful years to come! 

 
Branislav Žec and Pavel Liščák
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LIST OF ACRONYMS 

 

 
 
CGO Prague    Central Geological Office, Prague 
DEM       Digital Elevation Model 
DGPS      Differential Global Positioning System 

DoGNR MoE    Division of Geology and Natural Resources of the Ministry of Environment 
EG       Engineering Geology, engineering geological 
EPSG      European Petroleum Survey Group 
FCE STU     Faculty of Civil Engineering, Slovak University of Technology 
FNS CU      Faculty of Natural Sciences, Comenius University 
GeoIS      Geological Information System 
GIS       Geographic Information System 
GKÚ SR      Institute of Geodesy and Cartography 
GLONASS     Global Navigation Satellite System (In Russian: Globalnaya Navigacionnaya  

 Sputnikovaya Sistema) 
GNSS      Global Navigation Satellite System 
GPL       General Public Licence 
GPS       Global Positioning System 
GSD       Ground Sampling Distance 
GSM       Global System for Mobile Communications (originally Groupe Spécial Mobile) 
GWTL       Groundwater Table Level 
HDB       Horizontal Drainage Borehole 
IT        Information Technology 
KNC/KNE     Real Estate Cadastre (parcels C and E, Slovak Cadastre) 
LC       Lithological Complex 
MSUE      Main Scarps of the Upper Edges 
MoE       Ministry of Environment of the Slovak Republic 
PMSGF      Partial Monitoring System of Geological Factors of the Environment 
PPP       Public-Private Partnership 
SD        Slope deformation 
S/GIDŠ      State / Geological Institute of Dionýz Štúr 
SHMI      Slovak Hydrometeorological Institute 
S-JTSK S-JTSK    Krovak East North (System of Uniform Trigonometric Cadastral Network) 
SQL       Structured Query Language  
SR        Slovak Republic 
SRID       Spatial Reference IDentifier 
UCU       Unique Condition Unit 
UTM       Universal Transverse Mercator 
WMS       Web Map Service 
WR       Water Reservoir 
ZB GIS      Primary Base of Geographic Information System 
ZM 10, ZM 25, ZM 50 Basic map at scale 1:10,000, or 25,000, or 50,000 
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Abstract. Due to much dissected morphology and complicated 
geological setting the territory of the Slovak Republic is af-
fected by abundant slope deformations that cause significant 
harm the whole society. The origin and evolution of slope de-
formations may be natural, but very often they result from hu-
man activities, especially construction activities. The increasing 
number of landslide accidents in the previous century resulted 
in a necessity of a systematic study of this phenomenon with the 
goal of their registration, knowledge of the causes and progres-
sive elimination of adverse consequences. In the article the au-
thors present a brief overview of the history of the study of 
slope movements in Slovakia, demonstrating the crucial impor-
tance of the catastrophic Handlová Landslide from the break of 
1960/61 for further systematic research of slope deformations; 
they outline the main results of the study in the last fifty years 
and indicate the current issues of the slope deformations re-
search at present. 

 

Keywords: slope failure, landslide inventory, landslide map-
ping, landslide monitoring, susceptibility to landslides, landslide 
hazard/risk assessment  

  
1.1.  Introduction  

 

The incidence of slope deformations in Slovakia is 
conditioned by several specific features - the existence 
of geological structures favourable for generation of 
slope movements, complicated hydrogeological and 
climatic conditions, as well as continued height differ-
entiation of individual mountains, depressions and low-
lands due to rapid neotectonic movements. The sum-
mary effect of all these factors has led to violation of 
vast territories by landslides, which are activated pri-
marily during the periods of rainfall anomalies. How-
ever, in view of the increasing number and range of 
technical interventions in the natural surroundings, the 
number of human-induced slope movements started to 
increase significantly, or many of the dormant ones 
have been reactivated. The assessment of the stability 
problems of the territory became a part of the prepara-
tion of any major construction in the first half of the last 
century. However, after the disastrous Handlová Land-
slide by 1960/61 not only professional and lay public 
but also the responsible national authorities realized that 
the stability assessment of the area was an essential part 
of spatial plans and technical development projects in 

rural areas. Thus the foundations for a systematic study 
of slope movements were created, which was coordi-
nated by state administration bodies - Slovak Geological 
Office, later the Division of Geology and Natural Re-
sources of the Ministry of Environment of the Slovak 
Republic (hereinafter DoGNR MoE). After several 
stages of registration of slope deformations the attention 
was gradually focused on selected areas, prone to slope 
deformations and important for the development of ur-
banization of Slovakia. For these territories purpose sta-
bility maps were created and methods and methodo-
logies of the stability condition developed, as well as 
forecasting of future scenarios. At the same time in this 
period new unexpected landslides of emergency nature 
were promptly investigated and stabilized. Undoubtedly, 
a culmination of this extensive systematic research in 
the slope deformations represents the Atlas of Slope 
Stability Maps SR at 1:50,000, which was compiled 
between 1997 and 2006. The Atlas presents the comple-
tion of slope movements’ inventory in Slovakia as a 
source material that can be used as a basis for advanced 
research of this issue using modern methods and ad-
dressing current social demands. Currently, the focus 
shifts into landslides vulnerability assessment of area 
and forecasting their  occurrence using a set of evalua-
tion methods for landslide hazard and risk, monitoring 
methods of selected slope movements sites with the 
transition to the creation of early warning systems, as 
well as new procedures for emergency rehabilitation of 
sliding slopes. Accounting for a dynamics of the phe-
nomenon under consideration the information summa-
rized in the Atlas are not fixed and extreme weather 
events (rainfall anomalies in 2010) have generated a 
considerable number of new slope deformations with 
consequent reassessment of a degree of susceptibility of 
certain areas to slope deformations. 

The history of slope movements’ evaluation in Slo-
vakia is in several respects illustrative and instructive 
example of the development of modern society views on 
the optimal ways of our coexistence with these adverse 
geodynamic phenomena and the gradual elimination of 
the adverse consequences. 
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1.2.  The onset of slope movements issues solution 

(till 1960) 
  
In the period before the emergence of engineering 

geology and the early years of its formation as a separate 
discipline (in the first half of the last century) is hardly 
possible to speak about systematic research of slope 
movements. The phenomenon of slope failures, however, 
was known for more skilled science disciplines and im-
portant areas, affected by these phenomena, were re-
ported in several geological, as well as geomorphological 
maps, compiled in this period. The most attention, how-
ever, elicited by the stability of slopes disturbance due to 
inappropriate interventions in the geological environment 
in the construction of technical works - particularly the 
implementation of cut-offs, as indispensable components 
of the transport and hydraulic structures. Virtually every 
expert opinion from this period, addressing a feasibility 
of selected building works, there is mention of the pres-
ence of slope failures and the possibility of their initiating 
by the construction work (Wagner, et al., 2000). 

From the preserved extensive studies already since 
1920 solutions of landslide problems are known in the 
construction of the railway network, interconnecting Slo-
vakia with Bohemia. The proposed routes passed a com-
plicated geological environment and specialized map of 
landslide area was an important tool in the design of their 
definitive location (Kettner & Záruba, 1922 in Malgot & 
Baliak, 1999). The knowledge of the stability problems 
was refined at the implementation of other large-scale 
railway projects, road constructions, crossing the Flysch 
Zone (Záruba & Myslivec, 1942), but also in the prepara-
tion of other railway lines designed in complicated geo-
logical conditions of the Western Carpathians. In addition 
to transportation network, the issue of slope movements 
was very timely in preparation of major hydraulic struc-
tures. Well-known are stability assessments in the prepa-
ration of the Upper Váh cascade in the section between 
Krpeľany and Lipovec (Záruba, 1954, Záruba & Mencl, 
1958). Principles of geological survey methodology for 
the construction of dams in the area of the Carpathian 
Flysch, including the assessment of the stability prob-
lems, summed up Záruba (1957). 

As already mentioned, the solution of stability prob-
lems in this period was largely tied to specific tasks of 
safeguarding the stability of slopes in concrete structures, 
or locations with manifestations of slope failures. Certain 
generalized dimension within the study of slope move-
ments represents their record in basic geological and 
geomorphological maps. However, it is only a spatial 
location of mapped slope deformations, without learning 
their patterns of formation and development. Neverthe-
less, it can be stated that through scientific erudition and 
ability to synthesize knowledge brought by several im-
portant leaders of emerging Czechoslovak Landslide 
School - mainly Academician Q. Záruba and Prof. V. 
Mencl, in this time stage significant pioneering work 
came out, often with a strong element of synthesizing, 

which became the foundation for future systematic re-
search of slope movements in Slovakia. 
 
1.3.  Handlová Catastrophic Landslide               

(December 1960 – May 1961) 
 

The Handlová catastrophic landslide was active from 
11/12/1960 till 30/5/ 1961. In the head area the landslide 
started with 80 to 110 m wide earth flow, with tributary 
slide they joined to a huge landslide with a width in the 
accumulation area of 1200 m (Fig. 1.1, Baliak & Stríček, 
2012). The thickness of the slip materials in the head area 
was 7 m, in the accumulation zone up to 30 m; total cubic 
capacity of slide reached about 20 million m3 (Záruba & 
Mencl, 1969). 

The landslide movement had the greatest intensity 
from 22/12/1960 till 20/01/1961, when the movement 
rate reached up to 6.3 meters for 24 hours. Horizontal 
displacements of the mass in the central part of the land-
slide reached 240 m, in the accumulation part 22 m. 

The consequences of the landslide were catastrophic – 
150 residential homes were destroyed along with a sec-
tion of the State Road 1/50 of the length of 2 km, branch 
Handlová water-line and several lines of high voltage 
(Nemčok, 1982). The Handlová Landslide is still consid-
ered the greatest natural disaster in Slovakia, induced by 
slope movement (Baliak & Stríček, 2012). 

 The Handlová Landslide was initiated by rainfall 
anomaly in the period from June to December, 1960. 
However, as shown by the results of the survey, the ori-
gin and evolution of the landslide was predestined by 
specific geomorphological, geological and hydrogeologi-
cal conditions suitable for the formation of slope move-
ment. Actual rainfall anomaly represented only the im-
mediate impulse for kinematic activation of landslide 
masses, which occurred in stability equilibrium state. 

The development and consequences of the catastro-
phic Handlová Landslide meant undeniable landmark in 
the perception of the importance of slope movements and 
the need of their study not only by professional and lay 
circles, but also by competent bodies of the state admini-
stration. The landslide has demonstrated the fact that 
natural disasters so large in scale may arise in our lati-
tudes, and even without the adverse impact of human 
activity. The related damages have vividly illustrated the 
danger for the population and the overall development of 
the regions that stems from activating slope movements 
in areas prone to landslides. 

In addition to extensive research of the slide area, as 
well as the establishment of an “anti-landslide station” in 
Handlová providing continuous monitoring of the land-
slide area, perhaps the most important consequence of the 
Handlová Landslide disaster has become the beginning of 
systematic research of slope deformations in the former 
Czechoslovakia. Engineering geological specialists focus 
preferentially concentrated to slope failures inventory 
throughout the country with emphasis on investment per-
spective areas. This attitude was based on the assumption 
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that new landslides preferentially generate in areas that 
are already affected by slope failures. The concept of re-
gional distribution of slope deformations allows in further 
to analyze the patterns of their formation and evolution, 
and derive other facts leading to the understanding of the 
phenomenon, its forecasting and timely adoption of the 

necessary stabilization measures. Thus, since the early 
sixties the systematic study of slope movements has        
become a component of purposeful research coordinated 
by central state administration body (initially Slovak 
Geological Office, later DoGNR MoE of the Slovak Re-
public).

 

 

     Fig. 1.1 View of the Handlová Landslide. A - photo of 1961; B - recent photo, corrective measure - counterweight fill 

 
1.4.  Systematic research into slope deformations 

(since 1961) 
 

Analysis of the causes of the Handlová Landslide has 
shown that in certain geological structures, in case of 
synergy of several factors, formation or reactivation of 
slope movements can occur with difficult to control de-
velopment and with serious consequences for the entire 
affected area. Growing evidence from other sites of slope 
movements indicated the fact that the slope failures in 
Slovakia mostly occur in certain geological environments 
(particularly the areas of the Carpathian Flysch and the 
Neo-volcanic mountains). Increasingly the aforemen-
tioned assumption has been confirmed that new land-
slides occur, or are activated in most cases at the places 
which were hit by these movements in the past. 

In view of the above, at drafting of the systematic re-
search of slope deformations, as their primary objective 
appeared nationwide registration. Consistent inventory, 
made since the beginning of the sixties of the last century, 
has allowed at the same time to identify the areas with the 
most likely occurrence of slope movements and to avoid 
in time these territories when designing major investment 
plans. Already that time experience did indicate that the 
stabilization of active landslides is much more difficult 
and costly than preventive measures (including warnings 
when designing technical works). Registered landslides 
were systematically imposed in the registry, located in 
Geofond in Prague and in Bratislava. 

In parallel with the continued registration of slope 
movements, the selected areas of Slovakia were analysed 
in terms of their vulnerability to landslides (usually at 
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scales of 1:25,000 and 1:10,000) and gradually upgraded 
maps of susceptibility to landslides were created, adopt-
ing progressive methodological procedures. As comple-
tion of this relatively long inventory the Atlas of Slope 
Stability Maps SR at 1: 50,000 (1997-2006) can be con-
sidered, in the scope of which the earlier stages of regis-
tration of slope movements were processed and the terri-
tory of Slovakia was validated according to a probability 
of slope movements generation. 

Of course, even over a long period of registration, 
purpose mapping and research of slope deformations un-
expected slope failures originated in different parts of the 
territory of Slovakia, often with very unfavourable devel-
opment and emergencies had to be declared and immedi-
ately solved by appropriate measures – from the optimal 
methods of engineering survey, over stability calculations 
to the design of correction of affected slopes. In an effort 
to avoid such unexpected cases, systematic monitoring of 
selected, from social point of view the major sites started 
in the early nineties with a vision of future operationaliza-
tion and verification of early warning systems for the ar-
eas of slope movements of major socio-economic impor-
tance. 

 
1.4.1.  Inventory of slope deformations 

 

The inventory of slope movements was carried out in 
several stages, during which the method of individual 
slope deformation registering (use record sheets) was 
updated. The ways of slope movements’ inventory was 
described in the work by Kováčik & Suchánková (1993). 

  In the first stage of registration (1961-1963), im-
plemented by a number of scientific and university insti-
tutions of that-time Czechoslovakia, there were registered 
about 5,000 slope deformations at scale 1:25,000 (Matula 
et al., 1963). Thanks to the observed data it was possible 
to develop large-scale regional studies on the occurrence 
of slope movements in Slovakia and to identify their rela-
tion to geomorphological and geological conditions. It 
was also possible after registration at this stage to identify 
the areas with the greatest risk of slope movements; these 
areas were further studied in more detail. The inventory 
sheets of the first phase of registration of slope failures 
were stored in Geofond Bratislava, or Geofond Prague. 
The results of the registration files were processed both in 
the final report, and also in the first general maps at a 
scale of 1:1,000,000, expressing the density and distribu-
tion of slope failures in the territory of former Czecho-
slovakia. 

Although the register of landslides (the map-sheet 
layout at scale 1:25,000) was continuously complemented 
on the data from the reports on engineering geological 
survey, it barely contained information on landslides, 
violating the areas outside the construction plans (i.e. 
cropland, pastures, meadows). Therefore, in the years 
1974 to 1978 the second stage of registration was initi-
ated, mainly focused on high mountains. This stage was 
conducted by the Department of Geotechnical Engineer-

ing Faculty of Engineering of the Slovak Technical Uni-
versity (Nemčok et al., 1980). The results of this phase of 
registering significantly enriched the knowledge of occur-
rence patterns of the slope deformations in the Western 
Carpathians and were used also in the creation of a new 
classification of slope movements (Nemčok et al., 1974). 
Total number of registered slope movements at the end of 
this phase increased to about 10,000, whereas the meth-
odology of slope deformations registering has been up-
graded in order to enable the use of computer technology. 

The third stage of registration of slope failures ran 
from 1981 to 1991 and was carried out by workers of the 
Department of Engineering Geology GIDŠ in Bratislava. 
Nationwide study had regional character and its goal was 
to know in more detail the regularities of the origin and 
evolution of slope deformations and complement their 
existing registry. Important aspect of this stage of regis-
tration of slope failures was the selection of suitable sites 
and socio-economically significant slope movements to 
launch their long-term monitoring in Slovakia (Modlitba 
& Klukanová, 1996). In the third stage of registration 
there were recorded about 5,000 new slope deformations, 
bringing the total number of slope failures registered in 
Slovakia in the late eighties to less than about 15,000. 

 
1.4.2. Research and survey of selected areas of slope 

deformations occurrence 
 

The evaluation of selected areas of occurrence of 
slope deformations usually followed after their registra-
tion or often both activities were conducted in parallel. 
Perhaps the only difference in the registration and evalua-
tion of slope deformations was the fact that the registra-
tion was of typically regional character study and its pri-
mary aim was to record the incidence and nature of slope 
deformations within a given geographical or geological 
formation. When evaluating slope deformations of se-
lected areas basic maps of slope failures were drawn up 
usually at scales of 1:25,000 and 1:10,000 (this scale is 
often called the study area level - areal level). Selection 
of areas for such evaluations was carried out by central 
government body (recently DoGNR MoE). The selection 
was based on the general knowledge on the extension of 
slope failures, but also on the intentions of urbanization 
development of Slovakia. In the method of processing the 
latest research in the evaluation of slope stability was 
applied, along with progressive cartographic techniques 
to express the area susceptibility to landslides, forecasting 
stability condition etc. 

Several areas prone to slope deformations were proc-
essed – the most famous areas should be mentioned, for 
example, Handlová Basin (Malgot et al., 1973), Liptov 
Basin (Mahr et al., 1984), Blh-Pokoradza Plateau           
(Demian et al., 1990), Orava Basin (Vrábeľ et al., 2000) 
and several others. 

Within each of the treated areas representative sites 
of active landslides were selected, which were further 
studied in detail, including stability analysis, scenarios
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Fig. 1.2 View of the Kraľovany Rockslide (Photo by Žilka, April 2014) 

 
and proposals for remedial measures. In the past, the lo-
cations of these representative provided a basis for new 
exploration methods (e.g., a set of methods applied at 
pilot areas Turany, Okoličné and others in the seventies – 
Fussgänger et al., 1976), or they served for trial applica-
tions of new remediation methods (e.g. testing of drain-
age gravel walls in the brickyard Sučany, etc.). Gradual 
trend of further processing of further socio-economically 
important areas continued in the territory stability as-
sessments in the scope of maps of environmental geofac-
tors at scale 1: 50,000. 

In parallel with centrally managed research and explo-
ration of slope failures, on the basis of government-
departmental requests purpose maps of territorial stability 
were processed in line with the forthcoming significant 
investment plans - known is extensive slide area between 
Hlohovec and Sereď in connection with the Váh Water-
works project (Otepka 1983) and a number of stability 
studies in connection with the construction of roads     
(Kopecký et. al., 1997). 

It can therefore be concluded that systematic research 
of slope movements since the beginning of the sixties 
carried out at the regional (registration) and district levels 
(research and exploration of selected landslide areas). At 
the same time the data obtained were complemented on 
the results of surveys of local emergency landslides. 

 
1.4.3.  Survey of emergency landslides  

 
For a long period covering about 35 years, despite 

extensive activities aimed at the study of slope deforma-
tions and prevention of their adverse consequences a 

number of unexpected emergency slope movements have 
been generated that needed to be addressed urgently, in-
cluding proposals for immediate and long-term optimal 
remediation. 

Apart from a repeated Handlová Landslide activations 
of 1960/1961 (most of them were recorded between 1966 
and 1970 - Kuchár, 1996 and in 1999 and 2000 - Ingár & 
Wagner, 2004), perhaps the most attention in a wide pro-
fessional and general public received catastrophic earth 
flow in Ľubietová in the spring months of 1977. The land-
slide originated without the impact of human activities and 
the main cause of its formation was precipitation anomaly 
at the beginning of 1977. The landslide movement de-
stroyed four houses, began to move through a stream 
threatening the damming and flooding the valley and the 
village Ľubietová (Nemčok, 1982). Another significant 
rainfall anomaly in the national scope was recorded in the 
spring of 1995 and caused a number of reactivations of 
older landslide areas, especially in the Handlová Basin 
(Veľká and Malá Čausa, Bojnice), as well as in Nová Baňa 
(Fussgänger et al., 1996). The vast majority of landslide 
movements from the period of the seventies and eighties, 
however, were initiated by human activities, especially the 
construction activities. In connection with the construction 
of housing estates were observed extensive slope move-
ments in Handlová (Morovnianske sídlisko settlement in 
the years 1974 to 1977), in Košice (settlement Dargov-
ských hrdinov in the seventies), Zvolen (complex Zlatý 
Potok in 1974) and other cities (Nemčok, 1982). The mass 
movements significantly affected traffic on the railways - 
the most famous accident of slope failure was rock col-
lapse at Podbiel in 1975 (Slivovský, 1977), slope deforma-
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tion at Kriváň Village or slumping slopes rail notch at the 
Veľký Krtíš (Slivovský, 1979), and many existing, or 
newly-built sections of roads (especially the roads crossing 
the Flysch Zone). With the activation of landslide move-
ments encountered the implementers of major water pro-
jects in Slovakia – Liptovská Mara, Domaša, Nová 
Bystrica etc. (Kopecký et al., 2014).      
 
1.5.  Atlas of Slope Stability (1997- 2006) 
 

It is understandable that a relatively long period since 
1961 would require a more detailed description of all the 
activities that were carried out in the study of slope fail-
ures - whether in terms of research issues, quality im-
provement of methodologies solutions, as well as surveys 
of specific demanding sites and their corrective measures 
proposals. Despite the diversity of issues solved certain 
unifying element throughout the period mentioned was 
felt resulting in an attempt to register the greatest number 
as possible of slope failures in our area and gradually 
shift to modern methods of their assessment, including 
the assessment of area susceptibility to landslides and 
stability forecasting. Therefore, the Atlas of Slope Stabil-
ity Maps SR at 1:50,000 (Šimeková & Martinčeková, 
2006) can be considered as final output of this time-
extensive stage, which in the period 1997-2006 was com-
piled by a team of top experts on landslide issues from 
various institutes. The nature of the output documents of 
the Atlas (digital processing of the results in GIS) illus-
trates a comprehensive development, which has been 
reached in the study of slope failures in Slovakia.   

The main objective of the Atlas work of was to proc-
ess all existing information on the occurrence of slope 
deformations in Slovakia from previous registration and 
mapping, and present them in a modern and accessible 
way to the general public. The main archival source was 
stored in the Landslides Registry in Geofond. Contradic-
tory data and less investigated areas were verified by field 
mapping. The main outputs of the Atlas were slope stabil-
ity zoning maps at a scale of 1:50,000, covering the entire 
territory of Slovakia (total 132 sheets of maps - Fig. 2.1, 
Šimeková et al., 2014). The zoning map depicts unstable, 
potentially unstable and stable areas along with all slope 
deformations registered in the territory of the sheet. Each 
slope deformation is labelled and processed in a data 
sheet, containing 28 items of basic information. 

Complex processing of data in the Atlas enabled to 
perform a set of statistical evaluations on the territory of 
Slovakia disturbed by slope failures. Prior to the Atlas, 
based on the data from three stages of the registration 
there had been estimated that slope deformation affected 
3.06% of the territory of the Slovak Republic, after com-
pleting data in the Atlas were recorded all-in-all 21,190 
slope deformations, covering the area of 257,591.2 ha, 
representing 5.25% of the territory SR (Kopecký et al, 
2008). The way of data processing in GIS has allowed to 
derive a number of other important information about the 
violation of the territory of Slovakia slope failures. The 

summary of these findings is presented in detail in the 
contribution Šimeková et al., (2014) of this monograph. It 
can be concluded that the Atlas represents a worthy com-
prehensive work summarising many years research into 
slope movements (since 1961) in Slovakia. Although it 
was finalized in 2006, the GIS database allows its con-
stant update and to make use of stored data in follow-up 
studies and analyzes. The dynamics of this phenomenon, 
as well as the development of methods of assessment and 
forecasting of slope deformations caused that even in 
recent years (since 2006) there have been significant 
changes in certain parts of the territory, as well as meth-
ods of evaluation. 

 
1.6.  To-date trends of the slope movements             

research after 2006 
 
The Atlas along with the GIS database of all recorded 

slope deformations does not represent only the comple-
tion of an extensive study phase slope deformations in 
Slovakia since 1961, but it serves as well as input for 
continued research on this issue. Thanks to the significant 
progress in methodology and research methods and in-
creasing demand, the registration and mapping of the 
phenomenon provide only essential basis for solving cur-
rent issues of the active protection of the territory and 
society from the adverse effects of the slope movements. 
The focus has been shifted into slope movements moni-
toring and development of early warning systems;           
regional studies aspire to improve methods of landslide 
hazard and risk assessment. In particular, the newly 
emerging catastrophic landslides have become a chal-
lenge in developing progressive methods and techniques 
of rehabilitation of the slope movements. 

Despite the undeniable progress in research it is not 
possible to avoid the impact of extreme natural (climatic) 
events. For instance, the climate extremes occurred dur-
ing May and June 2010 and more than 500 new slope 
deformations significantly changed the map of slope de-
formations distribution in the Eastern Slovakia.  
 

1.6.1.  Monitoring of slope movements  
 

Monitoring of slope movements was an element of 
engineering works in unstable areas in the past, but usu-
ally it was applied during implementation and after 
remediation to verify effectiveness and functionality of 
corrective measures. Such monitoring was perceived as 
only a short-term process and after leaving the site the 
survey organization terminated its operation (maximum 
after about one year). This was usually associated with 
not only termination of periodic measurements, but also 
maintenance of rehabilitation objects was stopped. Re-
newed interest in the functioning of remediation facili-
ties was usually associated with recurrent activation of 
slope movements. The above practice was experienced 
in most major slope movements in Slovakia in the sec-
ond half of the last century. The exceptions to the com-
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mon practice represented only demanding construction 
works, located in a potentially unstable environment. 
These included major hydraulic structures (sufficiently 
illustrative example is Liptovská Mara Waterwork, 
where monitoring of the so-called Veľká Mara landslide 
has been implemented. The landslide is located near the 
right-hand abutment of the dam and the monitoring has 
been performed continuously since the execution of the 
works, i.e. since 1975 - Kopecký & Magula, 2005). The 
next objects with implemented monitoring have been 
selected sections of line structures, permanently threat-
ened by landslides.  

A qualitative change in the nature of monitoring oc-
curred in 1993 with the launch of the project of "Partial 
Monitoring System of Geological Factors of the Envi-
ronment" (hereinafter PMSGF), which is coordinated by 
SGIDŠ. Among subsystems of relevant geological haz-
ards the prominent role plays the subsystem Landslides 
and Slope Deformations (Klukanová, 2002). 

The landslides and other slope deformations are 
monitored at several locations covering all types of slope 
movements, occurring on the territory of Slovakia. The 
selection of monitored sites is not fixed and is adjusted 
according to the needs of society as a whole. Significant 
newly created slope movements are supplemented to the 
monitored sites, and in those slope failures with diminish-
ing importance the frequency of monitoring measure-
ments has been either reduced, or they had been aban-
doned. In 2009 30 sites from Slovakia (most of them in 
the area of the Handlová Basin) were observed, in 2014 
(after "landslide" year 2010) the number of sites in-
creased to 49. 

The adopted monitoring methods are based on the 
common practice of engineering survey and adjusted to 
different types of slope movements. The monitoring of 
typical landslide character is performed by measuring dis-
placements of observation points by convenient geodetic 
methods - terrestrial or by satellite (GNSS), measurements 
of shifts in the zone of shear plane (currently almost exclu-
sively by measuring the deformation by precision incli-
nometer), measurements of stress state (by the method of 
pulse electromagnetic emissions in boreholes) and the ob-
servation of the main slide-forming factors (measuring 
ground water table level and its temperature, the yield of 
drainage facilities and measurements of total rainfall). The 
symptoms of slope movements of rock fall character are 
monitored by dilatometric and photogrammetric measure-
ments of observed points shifts, along with measurements 
slide-forming factors (the number of frost days, precipita-
tion totals) and repeated measurements of changes in the 
morphology of the rock wall (Jánová, 1997). Finally, 
monitoring of creep movement is performed by measuring 
displacements of rock blocks using optical-mechanical 
dilatometer. Monitoring methods evolve, improve and re-
fine. The last decade is characterized by the trend towards 
continuous observation methods (automatic level gauges 
for measuring groundwater table level regime, continuous 
inclinometer, Wagner et al., 2010).  

The long-term monitoring period (in most cases more 
than 10 years) enables an accumulation of rich data sets 
(Iglárová et al., 2012) of observed changes in individual 
parameters. This extensive data base from the monitoring 
results constitutes the basis for the transition to a higher 
degree of stability assessment of the state of the observed 
sites. It justifies a localization and objective setting of 
early warning and forecasting of the stability state at dif-
ferent boundary conditions of influencing factors. 

The creation of early warning systems against ad-
verse geological factors meets the basic nation-wide re-
quirements, namely the timely prevention of adverse im-
pact of geological hazards on community development 
and quality of life. 

In solution of the project of "PMSGF" significant 
progress in developing early warning systems for land-
slide movements has been reached by installation of 
automatic gauges with adjustable critical groundwater 
table levels and remote data transmission at the major 
landslide locations Veľká Čausa and Okoličné in 2005 
(Wagner et al., 2006). However, the formation of early 
warning systems based solely on changes of groundwa-
ter table level can be often insufficient and refinement is 
necessary to obtain sufficiently detailed data on physical 
activity of landslide masses. Such information can pro-
vide records of continuous inclinometer, properly in-
stalled in the depth of the active landslide slip surface. 
Comparison of records of automatic level gauges and 
continuous inclinometers, located in the most active 
parts of the landslide in the Veľká Čausa (Ondrejka et 
al., 2011) has allowed to define a direct correlation be-
tween the groundwater table regime and the magnitude 
of deformation. Therefore, a long-term reliable opera-
tion of the early warning system is based on continuous 
observation of changes in the groundwater table level 
and definition of the limit levels, corresponding to cer-
tain values of kinematic activity of landslide masses. 

It can be concluded that the application of modern 
monitoring methods and optimum focusing of monitor-
ing, aiming in the implementation of different types of 
early warning systems is presently one of the major chal-
lenges of current research into slope deformations. 

A true “hot issue” is the rockslide Kraľovany in 
northern Slovakia, which has been activated in the ac-
tive limestone and dolomite quarry in spring 2013, and 
become one of the most spectacular slope failures in the 
modern history of Slovakia, both in terms of the dimen-
sions as well as the risk to society (Fig. 1.2). The slide 
masses reaching a volume of more than 2 million m3 
pose a risk for recent infrastructure and lives and prop-
erty of inhabitants and visitors to the site.  Moreover, a 
route of the most important transportation artery – mo-
torway D1 - has been designed in the very place of the 
accumulation zone of the rockslide. In addition to clas-
sical exploration of the a monitoring was implemented 
at the site involving on terrestrial survey and GNSS 
methods, land-based and aerial photogrammetry and 
laser scanning (Liščák et al., 2014). 
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1.6.2. Landslide Hazard and Risk Mapping  

 

Terms hazard and risk were for the first time used in 
the UK and US literature and they responded to the inter-
est of insurance companies. A term landslide hazard was 
introduced in 1984, when Varnes for the first time de-
fined landslide hazard as a probability of occurrence of 
potentially harmful landslide phenomenon with certain 
intensity in time and space. An ability of a system to re-
spond to outer impact by change in own state is defined 
as susceptibility (Petro et al., 2008).  

Any activity carried out in jeopardized environment 
is closely connected with risk, which can be expressed as 
a probability of occurrence of an event with potentially 
harmful consequences in form of loss and damage to 
natural environment, constructions, life and property 
(Ondrášik, Gajdoš, 2001). In other words risk is a product 
of hazard and vulnerability (Fig. 1.3).  

The postulates in the landslide hazard assessment accord-
ing to Varnes (1984) and Hutchinson (1995, in Aleotti, 
Chowdhury, 1999) are as follows: 

1. With a great probability the landslides will occur 
in the same geological geomorphological, hydrogeologi-
cal and climatic condition as in the past. 

2. The main conditions of sliding are controlled by 
identifiable physical factors. 

3. The hazard level can be assessed in advance. 
4. All the types of slope deformations can be identi-

fied and classified. 
Recently there are plenty of methods, which assess 

the landslide hazard; they can be roughly classified into 
five groups (Carrara et al., 1992): 

• geomorphological hazard mapping; 
• analysis of landslide inventories; 
• heuristic or index based methods; 

 

Fig. 1.3 Graphic depiction of the landslide risk assessment methodology (modified according to Alexander, 2002, in Petrýdesová, 
2012). Photo of destroyed house in the Červený Kameň village, Liščák, 2013 
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Fig. 1.4 Overview of the methods of landslide hazard assessment (in Petrýdesová, 2012, modified after Aleotti, Chowdhury, 1999)

 
• functional, statistically based models; 
• geotechnical or physically based models. 
The outcomes of the qualitative methods are dis-

cussed in brief in the subchapter 1.5 and in detail in 
Šimeková et al., 2014. 

Among the quantitative methods of the landslide haz-
ard assessment the in-depth studies statistical analyses have 
been widely used in Slovakia, followed by geo-engineering 
approaches. Neural networks analysis is about to be         
applied in the near future at selected sites of Slovakia.  

In Slovakia the statistical analyses are relatively 
known and widely used methods, by which several terri-
tories were studied. They have started to be developed 
since 60ies of the previous century. One of the first works 
of the landslide hazard assessment by weighting of the 
relevant components of the environment was the research 
by Vlčko et al. (1980). A huge step forward in the land-
slide hazard assessment was reached thanks to application 
of GIS tools at the break of millennia. Among the first 
works of quantitative assessment, which also involved 
methodology of statistical processing in GIS along with 
resulting prognoses belong the following works: Bed-
narik (2001, 2007, 2008); Pauditš, Bednarik (2002, 
2006); Jurko (2003); Pauditš (2005); Pauditš, Vlčko, 
Jurko (2005); Bednarik et al. (2005). The first GIS-based 
regional estimation of landslide hazard in Slovakia, using 
bivariate analysis, was compiled in 2010 (Bednarik, 
Liščák). The to-date trends of statistical methods used in 
GIS-based landslide hazard assessment are discussed in 
detail in contribution Pauditš et al. (2014). 

Deterministic approach in the landslide hazard as-
sessment is used for local or site-specific analyses under 
provision that sufficient data on geological, geotechnical 

and hydrogeological conditions (Kralovičová et al., 
2014). The application of GIS in deterministic approach 
enables a simulation of multiple scenarios, based on 
a hypothesis of triggering factors variability. In the Slo-
vak conditions for the first time this method was applied 
by Jelínek (2005), who analysed the Ľubietová Landslide 
and modelled the maps of landslide hazard for two sce-
narios of groundwater table level depth. The next GIS-
based deterministic study of the landslide hazard pro-
vided Jelínek and Wagner (2007) for the case study area 
Veľká Čausa. In her PhD. Thesis Petrýdesová (2012)  
applied the deterministic stability assessment of shallow 
landslides in regional scale for the area between Hlo-
hovec and Sereď towns. The entry data were retrieved 
and validated using three interpolation methods - Inverse 
Distance Weighting, Kriging and Spline.  

The to-date trends of deterministic methods used in 
GIS-based landslide hazard assessment of the Chmiňany 
Landslide area are analysed in detail in the contribution 
by Kralovičová et al. (2014). 

The pioneer work in the landslide risk assessment is 
the Thesis of Bednarik (2007), in which the author proc-
essed the territory of extensive landslide area of the Nitri-
anska pahorkatina Upland on the left bank of the river 
Váh between the towns of Hlohovec and Sereď. 

  
1.6.3. 2010 – Year of Landslides  

 

Within the last two decades, there occurred several 
landslides throughout Slovakia: in 1995 – Veľká Čausa, 
Diviaky nad N., Bojnice; in 1998 – Handlová, Kune-
šovská cesta; in 2006 – Poriadie, Podkozince, Bukovec, 
Čadca, Svrčinovec, Povina, Prosiek, Mojtín. However, in 
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the year 2010 the slope deformations were so numerous, 
that since than the engineering geological community 
termed this year the “Year of Landslides”. In May/June 
2010, we experienced an unprecedented generation of 
slope failures, which has been undoubtedly subject to 
extremely high rainfall in the month of May, in many 
places exceeding long term means 4 to 5 times. Particu-
larly affected were mainly the territories of Eastern Slo-
vakia (Košice and Prešov regions). Along with flooding, 
slope failures brought a great damage to several tens of 
municipalities of the affected regions. In many of them 
the “State of Emergency” was proclaimed. The worst 
situation was in Nižná Myšľa, Kapušany, Prešov - Pod 
Wilec Hôrkou and Horárska, Nižná a Vyšná Hutka, 
Vyšný Čaj, Varhaňovce, etc.  

Soon afterwards, by the mid of June the Government 
addressed the Slovak Geological Institute of Dionýz Štúr 
to carry out an inventory of landslides in order to get  
figures on the scale of damage. The field work started on 
June 17, 2010 and was closed in September 2010, result-
ing in inventory of 551 slope failures covering 2.88277 
km2. In principle, the methodology consisted of the fol-
lowing successive steps in the field survey followed by 
the analysis of the results (Liščák et al., 2010):  

Field section:  
a) Identification of slope deformations in the field; 
b) The levelling of slope deformations using a GPS 

device – this methodology was used for the first time in 
the landslide inventory practice in Slovakia;  

c) Detailed photo documentation of the landslide 
body and damaged, or threatened infrastructure;  

d) Completion of the special-purpose data sheet. 

Besides the inventory work, the engineering geolo-
gists provide the administration bodies in the municipa-
lities and the civilians the advice on the immediate 
counter-landslide measures. This activity helped in many 
sites to alleviate the situation and to save the property of 
population. Despite this prompt reaction of the Ministry 
of Environment and SGIDŠ staff, the landslides induced 
damage was immense. 136 housing estates were intensely 
disturbed, 38 of them were destroyed, and further 11 were 
abandoned. More than 400 houses occurred in the state of 
a permanent threat. Tab. 1.1 brings figures on the dam-
age/threat on the transportation network. 

The GIS database, besides the obligatory characte-
ristics of slope failures contains also their division into 4 
categories according their socio-economic relevance. 
This classification provides the Ministry of Environment 
an essential tool for aiming engineering geological sur-
veys and corrective measures into the most endangered 
sites. All-in-all, 58 slope failures at 36 sites were selected 
for engineering geological surveys, which were realized 
in extremely short time period of about 3 winter months 
on the break of 2010/2011. Based on the data retrieved 
from the surveys corrective measures were implemented 
on the most significant sites in 2011-2012 (the first stage 
of remediation), the second stage is planned for the sum-
mer 2014. In addition to the landslides of 2010, SGIDŠ 
workers registered in the following years numerous new 
landslides, for instance in 2011, 21 from the 36 registered 
occurred in the territories, classified by “Atlas“ 
(Šimeková et al., 2006) as stabile (Petro et al., 2011). 
Some of them were even declared emergency landslides 
(Fig. 1.5, Dananaj et al., 2012, Ondrejka et al., 2012). 

 
 

Table 1.1 Damaged and threatened communications of Košice and Prešov regions 

    
Roads 1st class 

(m) 
Roads 2nd and 3rd class 

and local roads (m) 
Railways 

(m) 

  District Damaged Threatened Damaged Threatened Damaged Threatened 

801 Gelnica 0 0 48 53 0 45 
806 Košice - surrounding 0 0 477 2,234 0 78 
802 Košice I 0 0 0 52 0 0 
808 Rožňava 0 0 0 0 0 0 
810 Spišská Nová Ves 0 0 111 494 0 23 

Region Košice in total 0 0 636 2,833 0 146 
  District Damaged Threatened Damaged Threatened Damaged Threatened 

701 Bardejov 0 0 237 2,074 0 55 
702 Humenné 0 0 101 997 0 0 
703 Kežmarok 0 0 110 1,072 0 67 
704 Levoča 0 0 185 436 0 0 
705 Medzilaborce 0 0 25 44 0 0 
706 Poprad 27 138 33 92 0 0 
707 Prešov 0 61 992 2,733 0 30 
708 Sabinov 0 0 297 1,921 0 0 
709 Snina 0 0 14 14 0 0 
710 Stará Ľubovňa 0 97 578 1,532 0 66 
711 Stropkov 0 0 527 2,448 0 0 
712 Svidník 0 0 270 1,074 0 0 
713 Vranov nad Topľou 0 0 200 280 0 0 

Region Prešov in total 27 296 3,569 14,717 0 218 
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Fig. 1.5 Configuration of stabilization-drainage ribs at the site 
Krupina   

  
1.6.4. Challenges in Landslides Mitigation  

 

Due to extreme climate events, but also due to human 
interference into the sensitive slopes in the period of 2010 
-2014 more than 600 new slope deformations were in-
cluded in the Slovakia landslide database. Given the con-
tinuing trend of increasing number of new (or reacti-
vated) slope deformations, as well as the existence of yet 
(from a geological point of view) unexplored or only par-
tially repaired emergency landslides, it will be necessary 
to take measures to prevent the reactivation of landslides, 
or their permanent rehabilitation in case of emergency. 
Moreover, this fact is also reflected in enhanced aware-
ness of the lay public on landslide issues, which are re-
cently quite frequently covered by Slovak media.  

Ongoing impact of climate change in the SR in-
creases the incidence of local extreme rainfall, which in 
specific areas significantly contribute to the mobilization 
of landslides in territories that were considered safe; - 
Banka, Piešťany, 2014. Evaluation of areas at landslide 
risk by enhanced statistical and determination methods 
and the implementation of adaptation measures allowing, 
for example, effective removal water from slope, or its 
detention in secure areas, shall reduce the risk of damage 
to property and lives of the residents. These ambitious 
plans have been reflected in the strategic policy document 
of the MoE “The Prevention and Management of Land-
slide Risk“ (2014-2020), which shall address the follow-
ing main activities in order to reduce landslide risk:  

• Identification, engineering geological mapping and 
inventory of slope deformations (facilitating methods of 
remote sensing and “scaleless” record of slope deforma-
tions in the field);  

• Systematic slope deformations database update 
and compilation of maps of landslide hazard and risk-
scale (based on accurate topographic documents, for in-
stance ZBGIS);  

• Engineering geological exploration of slope de-
formations (besides the classical drilling wider use of 
enhanced geophysical methods);  

• Remediation of slope deformations (state-of-the-
art technology);  

• Monitoring of slope deformations (continuous col-
lection of data, implementation of remote sensing, early 

warning systems development at sites of the highest 
socio-economic relevance).  

• A particular focus will be in prevention, survey 
and remediation of emergency landslides directly related 
to excessive rainfall, meeting the following principles:  

• Projects will be implemented in line with the “The 
Prevention and Management of Landslide Risk“ pro-
gramme;  

• Preferential support will receive the projects aimed 
at addressing landslides with a higher socio-economic 
landslide risk (R-value);  

• The most favoured projects shall aim at the land-
slides threatening higher population. 
 
1.7. Conclusions  
 

Slope movements are the most important geohazards 
that threaten the territory of Slovakia. A process of un-
derstanding of this phenomenon in recent decades passed 
several development stages, reflecting the current state of 
knowledge, but also the degree of development of society 
and its demands to eliminate this unfavourable phenome-
non. While in the first half of the twentieth century the 
assessment of slope stability issues was associated pre-
dominantly with human intervention into the natural        
environment during construction and many that-time ex-
perts had adopted opinion that in our natural conditions 
there was no risk of mass movements of larger scale, fol-
lowing the disastrous Handlová Landslide of the years 
1960/1961 the perception of the issue of slope move-
ments has changed significantly. The concern about pos-
sible occurrence of slope movements of analogous extent 
in other parts of the territory of Slovakia and their ac-
companying adverse consequences has encouraged sys-
tematic research of slope deformations, starting from 
their inventory and mapping of the most vulnerable areas. 
This long-time purposeful activity resulted in the creation 
of the Atlas of Slope Stability Maps at a Scale of 
1:50,000 for the whole territory of the Slovak Republic in 
2006. At the same time these decades witnessed signifi-
cantly advanced level of knowledge in a broad range of 
disciplines related to slope deformations research. The 
abrupt launch of computing technologies in virtually all 
fields of human activity and the associated development 
of information technology initiated new methodologies of 
area stability evaluation with a gradual transition to the 
compilation of maps of the landslide hazard and risk. In-
creasing importance began to take purposeful prevention 
of the adverse effects of slope movements - in the forefront 
with monitoring of vulnerable territories and gradual crea-
tion of early warning systems for landslides. Significant 
progress has been made also in the development of reme-
diation techniques and technologies. In addition, the whole 
society awareness towards landslides has been changed. 
Activities of prognostic and preventive nature and the prin-
ciples of optimum population "coexistence" with landslides 
have been favoured increasingly in order to avoid inten-
sive remediation of already incurred slope movements. 
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Despite the undeniable progress, the methods and 
methodologies of research and exploration of slope de-
formations and quantity of the corrective measures we are 
still experiencing activation, or creation of slope move-
ments, especially in relation to extreme rainfall events. 
An example of the last period was the climatic anomaly 
of May and June 2010 - the year of landslides, which 
caused the activation of a large number of slope move-
ments. It should be emphasized, however, that develop-
ments in the knowledge of slope deformations in recent 
decades have positively reflected in such extreme situa-
tions - new landslides were recorded on existing and 
functional databases, they are plotted in cartographic 
documents of area susceptibility to landslides, specifying 
the thresholds of monitored factors and in necessary cases 
the new landslides are stabilized based on optimal reme-
diation methods. The current situation is certainly not 
comparable with the state of the Handlová Landslide  
period when systematic research and exploration slope           
deformations started. 

The history research of slope movements in Slovakia 
is a vivid example of the development of knowledge of a 
phenomenon of the professional, but also society-wide 
perspective. The authors of the contribution have at-
tempted to outline the objectives of essential stages of 
this long process. Their goal was not only to preserve 
vital information about the history of the systematic study 
of slope deformations, but to illustrate a set of lessons 
learned to optimize solutions of the current issues.            
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Abstract. The article presents the main results of the geological 
project “Atlas of Slope Stability Maps SR at 1:50,000“, consis-
ting of maps, inventory sheets (passports) of slope deformations 
and the final report. The work provides accessibility to detailed 
regional analysis of slope deformations in Slovakia related to 
the territorial units of engineering geological regions and areas, 
geomorphological units and territorial administrative units (dis-
tricts and regions). The article evaluates practical use of the 
Atlas and also indicates shortcomings, reflected especially in 
efforts to transform the area slope deformations shown in the 
Atlas of the topographic groundwork scale 1:50,000 to detailed 
scales (1:10,000 and more detailed).   

Key words: Atlas of Slope Stability Maps of the Slovak Republic 
at 1:50,000, slope deformation, inventory of slope deformations. 

2.1.  Introduction 

In the years 1997-2006 in Slovakia the geological 
project titled “Atlas of Slope Stability Maps SR at             
1:50,000” (the Atlas, Šimeková, Martinčeková et al., 2006) 
was being completed. The project was funded by the 
Ministry of the Environment, the contractor company was 
INGEO-ighp Žilina, in cooperation with the Department 
of Geotechnics SF STU Bratislava, GEOKONZULT 
Košice, SGIDŠ Bratislava and the Department of Engi-
neering Geology of FNS CU, Bratislava.  

The objectives of the project were: 
1. Registration of all slope deformation identified 

from archival materials and field mapping during the pro-
ject solution at scale 1:50,000, according to an uniform 
methodology. 

2. Creation of data sheet (passport) of each slope de-
formation, comprising a total of 28 columns with data on 
territorial integration, exploration, slope deformation 
characteristics, endangered objects and reasons for gene-
ration of slide and existence/absence of remedial mea-
sures. 

3. Outlining the areas susceptible to slope movement 
generation in each map sheet.  

4. Processing of supplementary maps of small scale 
to each map sheet (Layout of registered slope deforma-
tions, Regional engineering geological division of the 
territory, Geomorphological division of the territory,  
Regional engineering geological investigation). 

 

5. Digitization of maps in GIS.  
6. Submission of final report. 
The methodology was tailor-made and adjusted for 

the purposes of the project in cooperation among the 
Principal Investigator, experts from the Faculty of Civil 
Engineering, Slovak University of Technology, Brati-
slava (†Assoc. Prof. Malgot, Prof. Baliak) and other pro-
fessionals involved in the project solution. The final 
adjustment was based on the knowledge gained from the 
simultaneous compilation of the pilot map sheets. 

The final processing of the geological task resulted in 
brand new analysis of the occurrence and frequency of 
slope deformations, and their essential attributes according 
to geomorphological, engineering geological and adminis-
trative division of the territory of the Slovak Republic, as 
well as the entire territory of the Slovak Republic. 

2.2.  Groundwork documents for the compilation         

of the Atlas of Slope Stability Maps SR             

at scale 1:50,000 

The compilation of the Atlas had been preceded by 
several geological projects focused on, among others, the 
mapping and registration of landslides and other slope 
deformations, which represented the input materials for 
documentation of slope deformations and development of 
their databases in the Atlas. These included the following 
documents: 
● Results of previous inventories of landslides carried 
out in three stages (Tab. 2. 1), which were processed in 
the Landslides register of Geofond.  
● Thematic engineering geological maps of scales 
1:10,000, 1:25,000, 1:50,000 (multipurpose maps of en-
gineering geological conditions, engineering geological 
zoning maps, special maps of slope deformations and 
territory susceptibility to landsliding). 
● Geological maps of scales 1:50,000, 1:25,000.  
● Passportization of slope deformations in relation to 
road and rail network and major routes of pipelines of 
Central Slovakia Region and selected districts of the East 
Slovakia Region. 
● Map documents with data on slope deformations, de-
veloped in the scope of geological exploration tasks
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Tab. 2.1 Stages of previous inventory of slope deformations 

Inventory 
stage 

Period Provider Output document Territory 

1st  1962-1964 
GIDŠ Bratislava, FCE STU               
Bratislava, FNS CU Brati-
slava,  ÚÚG Prague 

Depiction of landslide contours 
in map 1:25,000; description on 
punch cards 

Endangered areas along communi-
cations and in the vicinity of mu-
nicipalities 

2nd 1974-1978 
Department of Geotechnics  
FCE STU Bratislava 

Depiction of landslide contours 
in map 1:25,000; 
Monograph (Nemčok, 1982) 

High mountain areas, selected areas 
in flysch and volcanic regions and 
intramountain depressions 

3rd 1981-1988 GIDŠ Bratislava 

Depiction of landslide contours 
in map 1:10,000; inventory 
sheets designed for computer 
processing 

Flysch regions, volcanic mountains, 
intramountain depressions 

 

for civil engineering structures, for evaluation and opti-
mal selection of alternative sites and routes.  
● Results of engineering surveys of investigated land-
slides. 

In the process of inventory covering different periods, 
performed by different organizations and authors, the 
map documents often lacked correlation and acceptance 
of the results of previous surveys and inventories. This 
resulted in numerous ambiguous multiple registration of 
the same slope deformations, at the same time with dif-
ferent interpretation of their borders and characteristics, 
including the slope deformation type and activity. 

The goal of the Atlas was processing and synthesis 
of existing data obtained from source documents, cohe-
rent assessment of disturbed areas, validation of insuffi-
cient or contradictory data on slope deformations taken 
from archival materials. Approximate reconnaissance of 
unexplored territory in order to detect dangerous slope 
deformations, posing a threat to the population and exist-
ing engineering works was carried out. The project didn’t 
solve a more detailed mapping of unexplored areas na-
tionwide. 

2.3.  Brief presentation of the Atlas of Slope               

Stability Maps of the SR at scale 1:50,000 

2.3.1. Slope stability zoning maps 

Slope stability zoning maps are the most significant 
results of the project. They were compiled separately for 
each map of the layout 1:50,000 (in total 132 map 
sheets) and then “welded” (Fig. 2.1, Fig. 2.2). In order 
to make the results accessible for the public the slope 
deformations have been visualized on the map server 
SGIDŠ (http://mapserver. geology.sk/ zosuvy/). 

Each slope failure in the map is marked with digit and 
contours or point mark (slope deformations of less than 
50 m). Estimated slope deformations activity is expressed 
in color and type of slope failures shows hatch (Fig. 2.3). 
A simplified classification by Nemčok - Pašek - Rybář 
(1974) was adopted. 

Components of each map sheet 1: 50,000 are also ad-
ditional maps at scale 1:250,000 (Fig. 2.2), which in 

transparent manner indicate a complementary information 
– location of map sheet in the Slovak Republic map lay-
out, distribution of registered slope failures in the respec-
tive map sheet, territory geomorphological subdivision, 
regional engineering geological division of the territory 
and existing engineering geological maps of regional 
character. 

Territory susceptibility to slope movements genera-
tion is expressed in maps dividing the territory into three 
color-coded zones using heuristic method:  
● Zone of unstable area (red area)  
● Zone of potentially unstable area (yellow area)  
● Zone of stable area (green area). 
The main zoning criterion is the stability of slopes de-

fined as the resistance of the geological environment on 
slopes to form a gravitational deformation, or territory 
susceptibility to the development of slope deformations. 

2.3.2. Inventory sheets (passports) of slope deformations 

For each slope deformation registered in the Atlas, an 
inventory sheet so called passport was drawn. The pass-
port provides more-detailed information about the respec-
tive slope deformation (Fig. 2.4). Source information on a 
slope deformation was retrieved from the old inventories 
(Baliak et al., 2014) of landslides stored in Geofond. For 
those slope deformations, which were not registered in the 
Geofond, or the information in the registry was inadequate 
or questionable, the data were obtained by study of other 
existing archival materials and additional field mapping.    

The passport of a slope failure includes: serial number 
of slope failure (column 1), territory administrative divi-
sion (district, geomorphological unit, engineering geolo-
gical region, columns 2-4), data on exploration and 
visualization scale (columns 5-8), slope deformation de-
scription (columns 9-14), slope failure dimensions (col-
umns 15-18), endangered objects (columns 19-25), causes 
of slope failure generation (columns 26-27) and correc-
tive measures (column 28). 

Statistical processing of an extensive set of data con-
tained in individual passports of slope deformations pro-
vided groundwork for comprehensive analysis of the 
project results.  
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 Fig. 2.3 Detail of the map sheet 26-41 Trstená 

 
2.3.3.   Statistical processing of data on slope defor-

mations registered in the Atlas 

2.3.3.1. Slope deformations occurrence  

In the scope of the Atlas of Slope Stability Maps SR 
at 1:50,000, 21,190 slope deformations were registered 
by the end of the project in 2006. Of the total number of 
slope deformations registered in the Atlas: 
● 13,012 (61.4%) slope deformations were retrieved 
from archival documents without their field validation;  
● Due to nonconformity of archival documents, 6,076 
(28.7%) slope deformations were validated in the field 
(determination of the type, extent, activity, additional 
data on the endangered objects, etc.);  
● 2,102 (9.9%) slope deformations were discovered and 
registered in the scope of the field work. Most of them 
were randomly identified during field reconnaissance of 
the archived landslides, in rare cases they were detected 
by targeted mapping of the territories with potential 
threats to infrastructure based on various indications, e.g. 
topographic studies. 

The number of registered slope deformations gives 
only indication of the overall territory of Slovakia af- 
fected by slope failures. The actual number of slope

deformations is significantly higher. Due to the output 
scale maps 1:50,000 it was often necessary to combine 
complex and interlinked slope deformations in inten-
sively disturbed areas. Thus, such clusters of individual 
failures were recorded under one label. 

Fair idea of the territory of Slovakia affected by slope 
failures gives Table 2.2; the final figure of the Atlas 
equals to 257,591.2 ha, representing 5.25% of the total 

land area of the Slovak Republic. For comparison, in 
the scope of the former registration, which preceded the 
compilation of the Atlas, there were estimated 9,194 
slope deformations in Slovakia affecting 3.06% of the 
total territory (Nemčok, 1982). 

From the data in Tab. 2.2, which outlines the land-use 
of affected areas (built-up areas, playgrounds, cemeteries), 
it indicates that agricultural and forest lands are disturbed 
about equally (50.6% and 46.7%). The share of the other 
lands amounts to mere 2.7%. Some areas of agricultural 
land disturbed by slope failures have been abandoned 
because of difficult farming conditions, and are now over-
grown with wild grassy, bushy or forest stands. This is 
confirmed by the results of the analysis by Liščák et al., 
(2009), according to which directly affected by slope 
failures are 120,855 ha of the forest stands (the analysis 
was based on Corine Land Cover 2000 input data). 

 
Tab. 2.2 Acreage of area disturbed by slope failures (Šimeková, Martinčeková et al., 2006) 

Acreage in total Acreage of slope failures Disturbance by slope failures [%] 
Acreage 

[ha] [ha] vs acreage in total vs land use 

Slovak Republic 4,903,347 257,591.2 5.25 - 

Agricultural land use 2,436,876 130,289.9 2.66 50.6 

Forest land use 2,004,100 120,243.3 2.45 46.7 

Other land use 462,371 7,058.1 0.14 2.7 
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       Fig. 2.4 Passport of slope deformations 267-282 from the map sheet 26-412 Trstená 
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The sloping agricultural land areas are the most af-
fected by landslides, or by their combinations with other 
types of slope deformations (about 90%). In the devasta-
tion of the forest land landslides are the most abundant 
(67.4%), but also important (32.6%) are slope deforma-
tions of the creep, fall and flow types. Other areas, parti-
cularly built-up areas (2.7%), are particularly susceptible 
to landslides. The areas above the tree line are dominantly 
susceptible to failures of the creep, fall and flow types. 

Of the total number of registered slope deformations 
(21,190 units) 90.15% are landslides; other types of slope 
deformations account for less than 10%. In terms of the 
assessment of disturbed areas acreage (Fig. 2.5), which is 
more representative than the above account, the share of 
landslides is also significantly higher (78.12%) than 
block fields (15.31%) and other types of slope failures, 
including the combined ones (total 6.57%). 

Fig. 2.5 Proportion of slope deformation types 
 

 Statistical analysis of the occurrence of slope defor-
mations in relation to the bedrock (geological formations) 
showed that the most affected are the Paleogene strata 
representing 60.1%, Neogene - 18.7%, Cretaceous - 
9.9%, Paleozoic - 4.2% and Triassic - 2.3%. The remain-
ing 4.8% goes to other geological complexes. The occur-
rence of various types of deformation is often specific to 
a particular bedrock, or a combination of geological com-
plexes, for example, disintegrating massif - Paleozoic 
(75.0%), block ridges - Neogene volcanites (68.0%), 
block fields – Neogene volcanites (61.2%), landslides - 
Paleogene (65.9%), debris flows - Paleozoic (55.6%), 
rock fall – Neogene volcanites (40.7%). For creep defor-
mations of the block movements group, besides Neogene 
volcanites, typical is a combination of several complexes 
which are generally characterized by a favorable structure 
of rock complexes differing in strength properties. Most 
often combinations are: Triassic - Cretaceous, Neogene - 
Paleogene, less Jurassic - Cretaceous and Jurassic -           
Triassic. 

The average angles of the slope deformation types are 
as follows: disintegrating massif - 26.7°, block fields - 
15.2°, landslides - 13.3°, debris flows - 25.2°, rock fall - 
27.6°. On the steepest slopes disintegrating massifs, flows 
and rock falls are frequently present. Artificial slopes af-
fected by slope failures have an average slope of 21°. The 
landslides, which make up 90% of all slope deformations, 
have a mean inclination of 13.3°; to be more accurate 
65.5% of landslides are formed on slopes of 7° to 17° (Ko-
pecký et al., 2008). 

2.3.3.2. Slope deformation distribution in the enginee 

ring geological regions and areas 

The evolution and forms of slope movements have 
their own characteristics depending on the geological 
setting and geomorphological evolution. For the purpose 
of this assessment an engineering geological division of 
the territory of Slovakia according to Matula (Matula, 
Pašek, 1986) was adopted in the Atlas, which takes into 
account the criteria of geological structures uniformity 
and macro-relief. This division was later modified and 
updated by the authors Hrašna, Klukanová in the Atlas of 
Landscape SR (2002). The territory of Slovakia is divided 
into 4 engineering geological regions and 8 engineering 
geological areas as follows: 

1.  A – Region of Core Mountains:    
  Aa – Area of High Core Mountains 
   Ab – Area of Core Highlands 
2.  B –  Region of Carpathian Flysch:    
   Bc – Area of Flysch Highlands 
   Bd – Area of Flysch Uplands 
3.  C –  Region of Neogene Volcanites:   
   Ce – Area of Volcanic Highlands 
   Cf – Area of Volcanic Uplands 
4.  D –  Region of Neotectonic Depressions:   

Dg – Area of Inner-Carpathian Depressions 
Dh – Area of Inner-Carpathian Lowlands 

The Region of Carpathian Flysch (B) is dominated by 
various types of landslides. In the Region of Core Moun-
tains (A) occur most frequently creep deformations of a 
character of massifs disintegration. In the Region of Neo-
gene volcanites (C) deformations of block type are sig-
nificant and in the Region of Neoectonic Depressions (D) 
landslides prevail over block deformations (Tables 2.3, 
2.4, Figs. 2.6, 2.7). 

In summary presentation of slope deformations acre-
age in various engineering geological areas (Tab. 2.5) the 
most disturbed is the Area of Flysch Uplands followed by 
areas of Volcanic Highlands and Flysch Highlands. In 
relation to the total area of the Slovak Republic the first 
place is occupied by the Area of Flysch Uplands followed 
by the areas of Volcanic Highlands and Inner-Carpathian 
Depressions. 

2.3.3.3. Slope deformations distribution in territorial- 

administrative units (regions) 

In terms of territorial-administrative division of the 
Slovak Republic (8 regions, 79 districts) relatively high-

Acreage of identified slope deformation types 
in SR (%) 
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Tab. 2.3 Occurrence of the main types of slope deformations in the engineering geological regions and areas of Slovakia 

Massif  
disintegration 

Block ridges 
and fields 

Landslides Flows  Rock  

fall 

Slope 
deformations  

in combination 

Total    
EG Area 

Total   EG 
Region 

EG  
Region 

EG  
Area 

[ha] [ha] [ha] [ha] [ha] [ha] [ha] [ha] 

Aa 6,355.5 2,726.7 5,291.1 862.9 975.0 1,442.2 17,653.4 
A 

Ab 1,301.1 579.5 3,934.1 9.8 75.5 188.6 6,088.5 
23,741.9 

Bc 134.8 2,266.8 24,732.2 153.8 9.1 231.8 27,528.5 
B 

Bd 25.3 2,150.4 105,956.2 568.7 1.3 1,939.3 110,641.2 
138,169.7 

Ce 61.0 19,085.4 17,737.7 263.1 373.3 1,045.6 38,566.1 
C 

Cf  10,311.4 3,167.3 14.7 13.2 14.6 13,648.2 
52,214.3 

Dg 50.6 2,207.0 33,449.7 97.5 3.9 538.8 36,347.5 
D 

Dh  113.1 6,969.7 35.2   7,118.0 
43,465.5 

IN TOTAL 7,928.3 39,440.3 201,238.0 2,005.7 1,451.3 5,527.9 257,591.4 257,591.4 

 
Tab. 2.4 Frequency and acreage of main types of slope deformations in the engineering geological regions of Slovakia  

Massif  
disintegration 

Block ridges  
and fields 

Landslides Flows  Rock fall Slope deforma-
tions in combi-

nation 

TOTAL EG 
Region 

No 
area  
[ha] 

No 
area  
[ha] 

No 
area  
[ha] 

No 
area  
[ha] 

No 
area  
[ha] 

No 
area  
[ha] 

No 
area  
[ha] 

A 114 7,656.6 88 3,306.2 1,260 9,225.2 672 872.7 84 1,050.5 41 1,630.8 2,259 23,741.9 

B 5 160.1 147 4,417.2 12,624 130,688.4 156 722.5 4 10.4 28 2,171.1 12,964 138,169.7 

C 6 61.0 518 29,396.8 1,708 20,905.0 46 277.8 61 386.5 22 1,187.2 2,361 52,214.3 

D 3 50.6 51 2,320.1 3,513 40,419.4 34 132.7 3 3.9 4 538.8 3,608 43,465.5 

TOTAL 128 7,928.3 804 39,440.3 19,105 201,238.0 908 2,005.7 152 1,451.3 95 5,527.9 21,192 257,591.4 

 

Fig. 2.6 Diagram of acreage of the main types of slope deformations in the engineering geological regions and areas of Slovakia

 
Tab. 2.5 Summary disturbance of engineering geological areas of Slovakia 

EG  
Area 

Share of  EG Area  
in the area of SR 

Acreage of EG Area disturbed  
by slope deformations 

Share of slope deformations        
of EG Area in the area of SR 

Share of slope deformations  of 
EG Area to disturbed area of SR 

  % [km2] % % % 
Aa 7.70 176.53 4.79 0.36 6.85 

Ab 17.90 60.89 0,71 0.12 2.36 

Bc 5.40 275.28 10,58 0.56 10.69 

Bd 15.30 1,106.41 15.13 2.26 42.95 

Ce 6.90 385.66 11.78 0.79 14.97 

Cf 4.00 136.48 7.19 0.28 5.30 

Dg 14.40 363.48 5.27 0.74 14.11 

Dh 28.40 71.18 0.52 0.15 2.76 

TOTAL 100.00 2,575.91  5.25 100.00 



2. Atlas of Slope Stability Maps of the Slovak Republic… 

 
 

 
27 

Fig. 2.7 Frequency and acreage of  the main types of slope deformations in the engineering geo-
logical regions of  Slovakia in %. Legend: A - Region of Core Mountains, B - Region of Carpa-
thian Flysch, C - Region of Neogene Volcanites,  D - Region of  Neotectonic Depressions  

 

  

Fig. 2.8 Acreage of slope deformations in the regions of the 
Slovak Republic 

Fig. 2.9 Disturbance of the regions of the Slovak Republic by 
slope deformations in %   
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est disturbance by slope failures is documented in the 
Prešov region followed by Žilina and Banská Bystrica 
regions (Fig. 2.8). 

In terms of percentage disturbance to the total area of 
the region, Žilina is the most affected region followed by 
Prešov and Trenčín regions (Fig. 2.9).  

Bratislava, Nitra and Trnava regions are less affected 
by slope failures. 

2.3.3.4. Threat for buildings and other objects 

The high disturbance of the SR territory by landslides 
also implies a high extent of the threat to buildings and 
other structures (Tab. 2.6). The given data have to be 
considered as guidelines. In common, they were denomi-
nated from the basic topographic maps of scale 1:10,000, 
with the last update 10 to 20 years prior to the Atlas issu-
ance. In numerical terms in the table are included the  
objects which had been damaged or set out of operation, 
as well as the objects that were stabilized by remediation 
works (during the construction of an object or as a result 
its emergency state). 
 
Tab. 2.6 Objects jeopardized by slope deformations (Šimeková, 
Martinčeková et al, 2006)    
 

Type of object Extent 

Buildings (housing estates and other buildings) 27,920 objects 

Other structures (water-supply tanks, cemete-
ries, playgrounds, bridges and others) 

600 objects 

Sites with more than 50 objects endangered*  168 sites 

Motorways and roads of the Ist class 98 816 m 

Roads of the IInd and IIIrd classes 571,408 m 

Railway  67,210 m 

Above-ground  engineering networks 1,116,056 m 

Gas pipelines 101,180 m 

Oil pipelines 3,500 m 

Water pipelines 290,925 m 

*endangered municipalities, urban suburbs, recreation and 
garden areas, which are fully or partially located in the territo-
ries affected by slope deformations 
 

The most frequently threatened other buildings in-
clude water-supply tanks (38.5%) and cemeteries (32%). 
Degree of threat to objects is dependent on several fac-
tors, but mainly on the type and activity of slope failure, 
its extent and depth course, relative position of an object 
threatened to a slope deformation, etc. 

2.4.  Application of the results of the Atlas of Slope 

Stability Maps SR at scale 1:50,000 in practice 

Given that Atlas is the first complete digital map de-
picting slope deformation throughout the territory of the 
Slovak Republic, freely available on the Internet through 
the map server SGIDŠ (http:// mapserver.geology.sk/ 
zosuvy/), it has been often used for various purposes. 
During almost one decade of its use there have been iden-

tified a number of shortcomings and examples of its mis-
use for the purposes of which the map scale and the 
related generalization of landslide areas has not been  
intended. The insufficient scale of the Atlas is evident 
especially in experiments, or efforts extrapolating the 
landslide area in the Atlas into documents of larger 
scales, e.g. in the development of spatial plans and the 
evaluation of specific building sites. 

The deficiencies of the Atlas of Slope Stability Maps 
SR at 1:50,000 can be divided into several groups. 

1. Deficiencies arising from the scale: 
● generalization and distortion of mapped bounda-

ries of slope deformations during the transformation of 
the detailed documentation for the scale 1:50,000 (Fig. 
2.10a, b, c, d);  
● joining together (welding) of composite disturbed 

areas and landslides directly interlinked or lying in close 
proximity and their registration as single slope failure 
(one label) (Fig. 2.10e, f); 
● visualisation of smaller slope deformations (with 

dimensions <250 m) only by icons (e.g., Fig. 2.10e, f -
landslide Nr 216);  
● inequalities (distortion) among topographic docu-

ments of different scales. 
2. Deficiencies arising from the lack of nation-wide 

mapping: 
● we can not exclude the existence of previously un-

registered slope deformations, even in relatively stable 
areas (green areas in the zoning map). 

3. Deficiencies arising from the aging of map docu-
ments (completion in 2006): 
● there is no systematic update of the status on 

newly registered, newly formed and reactivated slope 
deformations (e.g. in 2010 after massive activation of 
landslides, especially in eastern Slovakia, SGIDŠ regis-
tered 551 new active slope failures using precise GNSS 
measurements (Liščák et al. 2010). 

4. Deficiencies resulting from inaccuracies of the 
source documents: 

Objective errors: 
● field mapping performed only by validating the 

facts with available topographic document of appropriate 
scale (usually 1:10,000), without accurate registration of 
contours and morphological elements of slope deforma-
tions by modern geodetic GPS devices; 
● inaccurate or outdated topographical maps used in 

the course of mapping work;  
● slope deformations without significant morpho-

logical manifestations facilitating their unambiguous 
identification and delineation (disguised by secondary 
modeling through erosion-denudation and weathering 
processes or anthropogenic activity - agriculture, con-
struction activities); 
● vegetation cover during the field mapping (dense 

vegetation, growing wild and lush vegetation, incapacitat-
ing especially in summer and spring seasons motion of 
mapping staff and veiled morphological shapes of slope 
deformations);  
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Fig. 2.10 Depiction of deficiencies of the Slope Stability Atlas SR 1:50,000 due to map scale 
Explanations: a, c, f - detail from Atlasʼ zoning map; b, d - detail from working groundwork map Atlasʼ at scale 1:10,000, 
with highlighted landslides boundaries (red line) and area in colour, representing landslides areas transformed from Atlas 
into opography ZM 10; e - complex sliding area with 8 partial landslides (217 - 1 to 5, 317 - 1 to 3) mapped on topography 
at scale 1:10,000 and f - its final depiction in the Atlas at scale 1:50,000 (landslides 217 and 317) 

 
● inaccessibility of the terrain in terms of build-up 

land or other land use (fenced private facilities, military 
facilities, etc.). 
Subjective errors:  
● inaccurate mapping and incorrect information due 

to lack of experience and knowledge of the mapping geo-
logist;  
● inaccurate and incorrect mapping information due 

to inconsistency of the mapping geologists;  
● subjective approach of a mapping geologist in 

harder identifiable slope failures;  
● miscalculation of distance. 
Despite the above outlined shortages the Atlas of 

Slope Stability Maps SR at scale 1:50,000 has many ad-
vantages and benefits: 
● The Atlas of Slope Stability Maps of the SR is a 

single clear map series, processed in digital form in a 

GIS environment, showing the occurrence of slope de-
formations, distinguished by type and activity through-
out the territory of the Slovak Republic. This work can 
be continuously updated, refined and used in practice. 
● For each slope failure registered in the Atlas a pass-

port (database) of a slope failure was drawn with its de-
tailed characteristics, territorial-administrative affiliation, 
level of investigation, figures on geometric characteristics 
and objects at risk, and eventual corrective measures, 
which form the basis of extensive statistical file. 
● The data on level of investigation listed in passports 

of slope failures include a link to the source map docu-
ments provided they are available. Most of these docu-
ments are available at Geofond SGIDŠ Bratislava. 
Previous multiple registrations of the same landslide area 
led to a variety of records with different interpretations. 
Provided, they were not validated in the scope of the  
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Atlas field work, the most preferred records were those 
with a more detailed scale mapping and actual time-date). 
● Compilation of the Atlas supplemented existing 

Landslides Register of Geofond on new slope deforma-
tions. Contradictory data on slope deformations produced 
during the previous multiple registrations were eliminated.  
● Newly registered, validated in the field and spatially 

corrected slope deformations of the Atlas were plotted on 
the primary working topographic maps at scale 1:10,000.  
● All figures in the passports (acreage of slope defor-

mation, the extent of endangered objects) were derived 
from existing documents or detailed working maps of the 
input documentation of the Atlas. 

As was already mentioned the usefulness of the out-
put maps of the Atlas is partially limited due to the used 
scale 1:50,000. The Atlas is suitable for the following 
applications:  
● As a primary source of information on the occur-

rence of landslides in the area of interest in various geo-
logical projects and land use planning; 
● For the indicative assessment of major investment 

plans, for example, assessment of variant communica-
tions routes, water works and other constructions (in the 
stage of engineering geological study and preliminary 
engineering geological survey); 
● As basis for assessing the suitability of the construc-

tion area for structures foundation, or other land use on a 
wider scale and its optimization;  
● For designing engineering works at the stages of 

technical study, environmental impact assessment and 
documentation of building plan. 

The Atlas is conditionally suitable only as a primary 
source of information - study of more detailed docu-
ments, or the assessment of the territory by a professional 
geologist is necessary. The input map should not be supe-
rior to specific approach of the professional geologist in 
the territory assessed: 
● For the formulation of the statements of the Minis-

try of Environment of the SR in compilation of land-use 
planning documentation from the viewpoint of geological 
hazards; 
● For the creation of spatial plans in medium and 

small scales;  
● For physical and legal entities when buying land;  
● For building committees of local authorities in 

building proceedings and issuing a building permit;  
● For the need of insurance companies in terms of 

property insurance. 

2.5.  Conclusions 

The Atlas of Slope Stability Maps of the SR at 
1:50,000 presents an overview of digital map developed 
by unified methodology for the whole territory of the 
Slovak Republic. In the scope of this work there were 
registered 21,190 slope deformation of the total area of 
257,591.2 ha, which constitutes 5.25% of the total area of 
Slovakia. 

The majority of the registered slope deformations be-
long to the group of potential sliding activity. In some re-
gions of Slovakia (mainly the flysch areas of north-western 
and eastern Slovakia - Region of Carpathian Flysch, but 
also in the territories made of volcanic rocks in the central 
and eastern part of Slovakia - Region of Neogene Volcan-
ites) the share of affected land is often greater than 10%. In 
terms of territorial-administrative division of Slovakia, 
dominantly affected are the Žilina and Prešov regions. This 
aspect is reflected in the high number of endangered           
objects, number of emergency situations due to activation 
of slope movements and considerable financial resources 
expended for corrective measures. 

The Atlas provides a wide range of uses, however, 
with certain limitations. The most important issues are 
too small scale 1:50,000 and related incompatibility of 
the used topography ZM-50 with topography of larger 
scales, causing relatively large distortions in the trans-
formation of slope deformations boundaries from the          
Atlas into more detailed map documents. 
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Abstract. Accounting for annually recorded slope stability 
problems, but especially after the massive occurrence of land-
slides and debris flows in 2010, public and government interest 
has increased to identify sites with registered potentially dan-
gerous slope failures. There have been efforts to include them 
consistently in the development of spatial plans and in the selec-
tion of building plots. 

This aspect has also been reflected at the last amendments 
of the Geological Law No. 569/2007 Coll., in which require-
ment is set out of expression of the Ministry of Environment SR 
in a form of an statement to geological hazards and exploitation 
in the territory with adverse engineering geological conditions. 
From the above facts follows acute necessity of registration and         
inventory of landslides and a reassessment of their existing reg-
ister with more detailed spatial accuracy meeting the require-
ments of spatial planning and the current trend in formation of 
detailed digital topographical documents (Primary Base of Geo-
graphic Information System), orthophotomaps, maps of real 
estate cadastre). Recently, there are at hand also technical possi-
bilities of the so-called databases with spatial extensions, which 
are especially convenient for the purposes of slope deformations 
inventory. 
 

Keywords: landslide inventory • very accurate digitization • 
spatial database/database with spatial extension • detailed to-
pographic maps • Primary Base of Geographic Information Sys-
tem • cadastral maps • orthophotomaps • landslide hazard maps 
• open-source software 

3.1.  Introduction 

Slope deformations in Slovakia occupy ca 5.25% of 
the total land area (Šimeková & Martinčeková, et al., 
2006) and thus constitute a phenomenon that significantly 
influences the condition and efficient land use. They act 
as a constant threat, where structures are placed within a 
reach of a slope deformation without adequate measures. 
Potential landslides repeatedly cause damage to land, lin-
ear and other construction objects, engineering networks, 
as well as agricultural and forest soils. 

 In recent years, largely due to extreme climatic events, 
but also due to the influence of anthropogenic interven-
tions, numerous landslides and earth flows were mobilized 
that have required declarations of emergency situations in 
the various municipalities across Slovakia (Liščák et al., 
2010). For their stabilization considerable funds were allo-
cated. Part of the emergency landslides resulted from the 
unconscious, but unfortunately sometimes wilful disregard 
of landslide susceptible areas already in the development 

of spatial plans, selection of building plots and construction 
of residential, economic and other objects by private enti-
ties without engineering survey, which inter alia, assesses 
stability conditions. 

At present the landslide hazard and risk in some re-
gions of Slovakia is also increasing due to amplified con-
struction activity shifted from flat and slightly sloping 
hillsides and territories to more exposed areas. This trend 
is particularly evident in the villages of the mountainous 
regions of Slovakia. This is caused by a lack of suitable 
building land in flat areas, but also by often targeted loca-
tion of buildings on the slopes due to the attractiveness of 
the environment (terrain with panoramic views, privacy, 
cleaner environment ...). 

The inventory of landslides in the Slovak Republic 
has been carried out more or less systematically since the 
60ies of the 20th century. Particular impetus for a sys-
tematic inventory gave disastrous landslide in Handlová, 
active at the turn of 1960/61, which inflicted enormous 
economic damage. Following the Handlová landslide a 
landslide register was established aiming on inventory of 
slope deformations across Slovakia. The Landslides Re-
gister of the Slovak Republic is administered by the Geo-
fond Department of the State Geological Institute of 
Dionýz Štúr (SGIDŠ). Currently the Geofond registers 
about 18 000 slope deformations in Slovakia. 

From 1997 to 2006 the Atlas of Slope Stability Maps 
of Slovakia at scale 1:50,000 was compiled representing a 
concise digital base map (the Atlas, Šimeková et al., 
2014), which has processed using an unified methodol-
ogy all previously mapped and registered slope deforma-
tions, including the development of a database in the 
form of passport of a slope failure. The passports provide 
a review of the relevant territorial affiliation of slope de-
formations, their stage of exploration, dimensions, engi-
neering geological characteristics, constructions and other 
objects at risk, causes of their generation and eventual 
remediation. 

Despite the fact that the Atlas of Slope Stability Maps 
today still represents the most comprehensive mapping 
and inventory work in the Slovak Republic, it demon-
strates acute deficiencies in terms of time requirements.    
A particular challenge is poor positional accuracy of the 
applied scale of 1:50,000, in particular a positional in-
compatibility of obsolete topographic document (accessi-
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ble in digital form as the state map series SVM-50) with 
the actual detailed topographic groundwork (e.g. ortho-
photomaps). The differences in positional superposition 
are often in the tens of meters. Slope deformations plotted 
and digitized into such incompatible (and inaccurate) to-
pography can not be used as an input into the creation of 
detailed spatial plans and also, for example, in the evalua-
tion and creation of landslide hazard maps in detailed 
scale according to today's requirements (Pauditš et al., 
2014). 

Currently, or in the near future national base map se-
ries ZB GIS shall be available to the public (Michalík, 
2010; �http://www.geoportal.sk/sk/udaje/udaje-zbgis/). 
This detailed and very precise topographic document is 
compatible with other commonly used detailed map 
groundwork, including maps of the land register (KNC/ 
KNE), accurate orthophotomap (Šrámková, 2004) and 
previously used maps at scales of 1:10,000 and 1:25,000 
(state map works). In the future, ZB GIS map series will 
be likely binding as a digital topographic basis for all map 
scales ("scale-less"), so it is essential to customize also a 
database of slope deformations to these developments. 

Based on the above, the Department of Engineering 
Geology SGIDŠ in cooperation with Landslide Register 
of Geofond, has begun in 2012 to build a GIS database of 
slope deformations in the fine-scale topography compati-
ble with ZB GIS. This database will gradually integrate 
slope deformations of the older registers and various map 
data adapted to the scale and ZB GIS (working and ter-
rain 1:10,000 maps of the Atlas, detailed maps available 
from the register of slope deformations of Geofond, fine-
scale maps of the different projects kept in Geofond Ar-
chive) along with slope deformations mapped using pre-
cise GPS/GNSS devices, registered since 2010 (Liščák et 
al., 2010; Ondrejka et al., 2011). 

The goal of this database is the reassessment of all 
previously registered slope deformations in Slovakia and 
their plotting into a detailed scale. The database will be 
continually updated and accessible to the public via infor-
mation system GeoIS (�http://mapserver.geology.sk/ 
zosuvy). 

3.2.  History of landslide inventory in Slovakia 

The beginnings of compiling the Register of slope de-
formations (the Landslides Register) are associated with 
the catastrophic Handlová landslide in 1960, when 150 
homes were destroyed along with 2 km long stretch of 
State Road 1/50, Southeast branch of the Handlová water 
pipeline, several lines of high voltage, etc. 

The cases of the Handlová landslide and several others 
have shown that stabilization of active slope deformations 
is far more expensive than preventive measures. Another 
important finding has been the fact that the slope move-
ments are recurrent in the areas of old landslides, mainly. 

In the light of the above the next logical step in the re-
search into slope deformations was their inventory; this 
effort divided into three stages covering a period of 1961-

1991 has contributed to the development of a prominent 
school of Czechoslovak engineering geologists dealing 
with landslides around Nemčok and co. (for instance, 
Nemčok 1982). The history of landslides inventory is 
discussed in detail in the paper by Baliak et al. (2014). 

3.2.1.  Register of slope deformations in Geofond 

The first massive mapping of landslides took place in 
the years 1961-1963 (based on the Resolution of the 
CSSR government), and focused mainly in the invest-
ment-important areas. The result was a final report to the 
General map at a scale of 1:1,000,000. 

From 1965 maps with delineated landslides and area 
registration cards started to be submitted to Geofond. The 
records were stored on punch cards and drawn into maps 
at scale 1:25,000. The results of this phase of registration 
are stored in Geofond Bratislava, or in Geofond Prague. 

The Landslides Register began to be used in practice 
in 1975 and especially for the needs of expression for 
capital investments in terms of landslide exploration. 

In 1980 the reconstruction of the Register started. Old 
inventory cards have been restated to inventory passports. 
This approach was based mainly on internal work by Dr. 
Milan Špůrek of 1976, entitled "Guidelines for the regis-
tration of landslides and other dangerous slope deforma-
tions". Further on, the landslides and other dangerous 
geodynamic phenomena were plotted into maps at scale 
1:25,000 according to agreed established rules. The new 
data sheet was extended to 80 data items, mostly numeric 
ones. For the purpose of phenomenon registering there 
were created several new coders and defined mandatory 
and optional items. These were particularly the localiza-
tion phenomenon (map, map scale, etc.), basic data such 
as date of formation, grade of investigation, etc. 

Important period in the development of the Register 
represent mainly 90ies, which were primarily linked to 
the development of information technology and espe-
cially graphics programs and database systems. Since 
1990, the maps of scale 1: 25,000 have been graphically 
processed, simultaneously with the creation of the first 
digital maps and outputs from the Register. In 2002, the 
digitization methodology was prepared for the project 
Atlas of Slope Stability Maps SR at Scale of 1:50,000 
(Šimeková & Martinčeková, et al., 2006) in order to build 
an information system in ArcView GIS 2.3. The Geofond 
participated in the project and was in charge of digital 
maps processing. All further changes in the Register were 
associated mainly with the development of database pro-
grams. In 2005, the Landslides Register was transformed 
from a dBase to Oracle database. The Register’s consid-
erable reconstruction occurred in 2010, when the change 
was related to the re-development of GIS and especially 
with the creation of geodatabases (ESRI platform sys-
tem), which managed to combine the non-graphical data 
with the graphical ones. 

While the Register’s database was continually up-
dated on new records, the Atlas of Slope Stability Maps 
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has remained closed. Therefore, there appeared acute 
need to connect data in appropriate way. The problem 
arose when analyzing the Atlas, where imperfections 
were found in data integrity between adjacent map sheets 
– it often happened that the boundaries of graphical ob-
jects were incompatible. Although the task was solved in 
GIS the record sheets were separated from digital maps 
and data were not compatible in some cases. 

A detailed analysis of various Register entries and  
Atlas of Slope Stability Maps as well as other incremental 
projects has led to a creation of common structure of the 
new database. Currently it consists of 84 fields, which are 
divided into larger groups like geology (geological for-
mation, geological structure, ...), hydrogeology (hydro-
geological conditions of the slope, ...), slope geometry 
(mean angle, slope aspect, ...), localization of the pheno-
menon, the basic data, the extent of the phenomenon and 
others (Tab. 3.2). For coded fields, there were created 
new coders or the original ones were amended (mostly by 
merging different values of the sources). 

The database contains also an indication of the source 
data, which is very important for data displaying. The Re-
gister was drawn into the maps at scale 1:25,000, while the 
Atlas of Slope Stability Maps is based on scale 1:50,000. 
Currently into the Register enter various projects, which 
have been obligatory submitted to Geofond they are also 
mapped at different scales. This paper presents a new spa-
tial oriented database, which is based on the scale of 
1:10,000. The Register’s geodatabase at scale 1:50,000 
currently contain 17,879 graphical entities retrieved from 
different scales. 

3.2.2. Atlas of Slope Stability Maps SR at scale 1:50,000 

The Atlas of Slope Stability Maps SR at 1:50,000            
(Atlas) covers the whole territory of Slovakia and con-
tains entities from various archival sources, processed in 
digital form, of all previously registered and newly 
mapped slope deformations in topographic scale 
1:50,000. Thanks to its complexity and accessibility (the 
work is freely available on the SGIDŠ website) the Atlas 
offers a wide range of uses; however they are limited in 
several respects. The essential limitations are the general 
display scale and the positional incompatibility of the 
used topography with current detailed topographic docu-
ments. The Atlas’s results and shortcomings are in more 
detail discussed by Šimeková et al. (2014).   

3.3.  The objective of landslides inventory at         

detailed scale 

In view of the aforementioned shortcomings of exist-
ing practices in the registration and inventory of slope 
deformations in the Slovak Republic the SGIDŠ acceded 
to the systematic creation of a detailed database that 
should integrate graphic (or geographic) interpretation of 
slope deformations in the form of graphical entities in the 
map along with attribute data referred to in respective 

passports. This integration is implicitly provided by GIS 
technology in the so-called spatial databases. 

Geographical location of slope deformation is plotted 
as detailed as possible, a necessary condition for posi-
tional accuracy to allow to identify individual parcels of 
the cadastre, where a slope deformation is present. This 
means that the smallest usable cartographic scale for in-
serting graphical entities in the database is 1:10,000 (or 
1:25,000). Limit for the largest scale is not given, slope 
deformation is thus possible to display in a very detailed 
cadastre maps (KNC/KNE) and in geodetic site plans at a 
scale of 1:500. It follows that in the future it will be pos-
sible to visualize a slope deformation with respect to each 
specific building, of course, on sufficiently precise topo-
graphic documents. 

The main objective of such detailed geographic data-
base is to provide materials for:  

• producing detailed land use plans,  
• landslide risk assessment for specific parcels and 

property,  
• basis for insurance companies, etc,  
• producing detailed maps of landslide susceptibil-

ity, landslide hazard and risk. 

Accounting for ZB GIS topography, to which detailed 
GIS database will be positionally adapted in the future, 
the landslides would be possible to display on maps of 
smaller scales (1:50,000 to 1:100,000), without loss of 
positional accuracy. This is made possible by the fact that 
the ZB GIS map series is referred to as "scale-less", that 
means, the current position of each object in the GIS sys-
tem is constant; only the density of the visualized ele-
ments is modified relative to a given scale (contours step, 
for example). 

In developing land use plans and detailed planning 
documentation each municipality will be able to take into 
account on the basis of spatially accurate GIS database 
published on the Internet, actual incidence of slope fail-
ures registered in a given area of interest, not only indica-
tively, as it was previously. Individual municipalities will 
have a real opportunity to include the occurrence of slope 
deformations and potentially dangerous territory in their 
spatial development concepts. Similarly, the database can 
also serve for insurance companies when assessing the 
possible future risk of landslide events within the conclu-
sion of insurance contracts. The database will enable to 
direct potential customers and construction companies 
and developers in the future selection of building plots for 
the location of their property. 

In addition to precise plotting of geographic location on 
the map the detailed database will be also beneficial in 
terms of improved attribute part of the database. Tabular 
data are designed as optimal synthesis of data used so far: 
passports in the Geofond registers, attribute data of the 
Atlas and attributes arising from new technological ap-
proaches to mapping and registration of landslides (e.g. 
GPS accuracy - position and altitude, the exact time during 
the mapping, an indication of the date  when  the  slope de-       
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formation evolved, etc.). The aim is to provide to the pub-
lic mapping services through the Internet, the most relevant 
and up-to-date information about the registered slope de-
formations and these data will be constantly updated. 

Special emphasis was put in compiling a database 
meeting the requirements for issuing landslide hazard 
maps in detailed scale, because in recent years often in 
the formation of these maps computerized statistical 
methods are utilized. Spatial database as an index map of 
landslides is a necessary input variable in the compilation 
of the landslide hazard mapping by statistical methods in 
GIS environment (Pauditš and Bednarik, 2002; Pauditš, 
2006; Bednarik, 2007). With this so-called binary (0/1) 
variable all input parametric maps are being compared in 
the process of calculating the weights of bivariate analy-
sis and also the variable when compared with the quasi-
homogeneous units in multivariate analysis. For this pur-
pose, individual landslides in the database are recorded 
not only as sole surface entities, but also as linear entities 
– head scarps extended to the edges of transportation  
areas as well as transverse and longitudinal cracks in the 
landslides bodies. Such interpretation of a binary vari-
able better reflects the area in which landslide occurred 
and allows to eliminate systematic error in evaluation of 
the areas that were affected by accumulation part of a 
landslide (Bednarik and Pauditš, 2010). These areas 
may be in terms of landslide susceptibility de facto sta-
ble – e.g.  areas of alluvial plains with mild to zero 
slope grade. 

3.4.  Methodology of the database creation and 

its technical aspects  

As was mentioned above, accounting for the deficien-
cies of the Atlas, in particular the positional uncertainty 
and incompatibilities arising from the use of digital to-
pography SVM 50 (Špaček, 1999), we proceeded to the 
creation of the GIS database of slope deformations of 
fine-scale compatible with maps, or ZB GIS. 

The database is the spatial one, this means that in ad-
dition to attribute data (mostly text, numerical and Boo-
lean) in tables are stored graphic (or geographic) data, 
representing the geometry of the individual entities. The 
geometry storage directly in a relational database table is 
provided by the means of a so-called spatial extension, 
which writes the geometry into a database table using a 
coded sequence of alphanumeric characters.  In addition 
to geographic coordinates of entities vertices, the charac-
ter sequence contains also SRID (Spatial Reference IDen-
tifier) that gives the exact way to set up cartographic pro-
jection of given table/coverage in GIS software. The 
database software used is PostgreSQL with PostGIS spa-
tial extension, distributed via Internet under free GPL 
license (�http://postgis.org/). 

The database runs on server, which allows concur-
rent access to multiple users in real time, and it is avail-
able also for editing (not read-only). The server envi-
ronment technically solves potential conflicts that may 

occur due to concurrent inserting or updating. The data-
base can be accessed from various common programs 
(Excel, Access, Internet browser, etc.). The graphical 
data visualization and direct editing allow GIS pro-
grams, e.g. Quantum GIS (�http://www.cigis.org) and 
Maplnfo Professional (from version 10.0 and higher 
�http://www.mapinfo. com). 

In the main table in the database, which is also the 
bearer of extensive information on each recorded land-
slide (passports), the geometry of slope deformations is 
plotted in the form of polygons - the outlines of bodies of 
each slope deformation, including the accumulation parts. 
Head scarps, transportation and accumulation parts of 
landslides in these polygon entities are not separated in 
this table. Information on detachment-transportation parts 
of a landslide stores another table, where landslides are 
recorded in the form of lines of main scarps of the upper 
edges (MSUE), or head- transportation parts (Fig. 3.1), 
what is needed in terms of methodology of slope defor-
mations entry in the statistical evaluation of landslide 
hazard (Clerici, 2002; Süzen and Doyuran, 2004). This 
table is linked to the main polygon table using SQL by 
1:1 relationship. 

In a special "cosmetic" database Schema, various 
hatch patterns and auxiliary graphic elements are stored, 
that are necessary for common landslide plotting and 
visualization. Both polygons (hatch patterns of sliding 
direction at main scarp surface) and lines (prescribed 
hatch of motion direction of landslides and earth flows, 
lower edges of the main scarps and others) are stored. 

Each of these types of entities is stored in a separate 
database table, or for each category of graphical entities 
shown in Fig. 3.1, the separate database table (GIS layer) 
is established. Overview of GIS database table of slope 
deformations is shown in Tab. 3.1. The list of attributes 
(passport items), assigned to the main polygon table is 
taken mainly from the Atlas (Šimeková and Martinče-
ková, et al., 2006) and the Geofond Register, along with 
other useful technical aspects arising from the GPS re-
cords measurements and field mapping (e.g. GPS accu-
racy class record, average and lowest accuracy of GPS 
record, area and perimeter of a slope deformation, date 
and time of mapping (data collection), or date and time of 
digitizing, etc.). 

The number of attributes is not yet final and will be 
amended in respond to emerging requirements, together 
with complementing database entries. Estimated finite 
number of attribute fields in the data sheet (passports) of 
the database is more than 150. Current overview of     
attributes (as of December 2013) is reported in Tab. 3.2. 

Main advantages of the slope deformations inventory 
in the form of a spatial database with client/server archi-
tecture are: 

• the possibility of concurrent access for inserting or 
updating graphical features and/or attribute data           
simultaneously for multiple users with possibility 
to set the user access rights to each user sepa-
rately; 
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Fig. 3.1 Schematic presentation of the landslide elements, recorded into the database: polygon entities are stored in the main table 
gm10_zosuvy_poly, selected linear entities are stored in table gm10_ zosuvy_odlucne_hrany (Tab. 3.1) 

 
Tab. 3.1 List of database tables 

 

 
• the possibility of using different software platforms 

to access and edit the database (GIS programs, MS Excel, 
MS Access, WEB browsers, etc..); 

• the possibility of rapid selection using SQL stan-
dards, based on specified criteria according to recorded 
attributes; 

• possibility of full SQL selection on the basis of 
geographical criteria and spatial functions (distances, 
overlaps, areas, etc..), in combination with selection on 
table attributes (e.g.: “select all earth flows exceeding an 

area of 5 ha within 200 m buffer zone from the nearest 
river in the village Zbora which threaten 1st class roads”, 
etc…). 

3.4.1. Digitization of field maps 

The field maps, usually processed within the Atlas 
(Šimeková & Martinčeková, et al., 2006), are processed 
primarily on the basis of ZM 10 at a scale of 1:10,000. The 
slope deformations mapped in the field were plotted di-

Table name Description 

gm10_zosuvy_ poly (polygon) 
Outlines of landslide bodies (polygons) including accumulation parts, (main database GIS 
layer with attributes / passports of landslides). 

gm10_zosuvy_odlucne_hrany (line) 
Lines of main scarps and transportation parts, transversal and longitudinal crevasses in 
landslides. 

srafy_ line (line) Line hatch of slope deformations (in terms of Directive MoE SR. 3/99-3). 

srafy_poly (polygon) Polygon hatch (filled) of slope deformations (in terms of Directive MoE SR. 3/99-3). 

kodovnik_sraf  
Codes of hatch needed to adjust colour and attributes in printed maps of slope deforma-
tions. 

mapinfo_mapcatalog Auxiliary table for MapInfo communication with PostGIS database. 

zm10_listoklad (polygon) Map-sheet layout ZM 10 (1:10,000). 

sm5_listoklad (polygon) Layout of orthophotomaps, or map-sheets SM 5000 (1:5,000). 

zm10_vodne_toky (line) Water streams lines at scale 1:10,000 (derived from ZB GIS and topographic documents). 

gps_trasy_gpx2d (line) Rough field data: GPX and KML file type (Garmin devices, smart-phones, etc.). 

gps_trasy_ssf3d (line) Rough field data: SSF (3D) file type (Trimble devices). 
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rectly into topographic documents of a scale 1:10,000 or 
into copies of working field maps from previous surveys 

and mapping works. Reference to the source is recorded in 
the attribute table of slope deformation (Tab. 3.2). 

 
Tab. 3.2 Attributes (database fields) of the slope deformation main table (as of 2013) 
 

Field /Attribute name Data type Description 

registracne_cislo integer 
Label of a registered landslide in database created in the scope of the Landslides 
inventory 2010 (Liščák et al., 2010). 

ku_nazov varchar(75) 
Name of cadastre, in which landslide is situated, or its head scarp in the case of sev-
eral cadastre areas affected by a landslide. 

datum_mapovania date Date of landslide mapping. 

cas_mapovania varchar(75) Start and end time of landslide mapping. 

minut_zaznamu integer The duration of GPS record (in minutes) of landslide outline mapping. 

kvalita double precision 

Assessment of landslide mapping quality and accuracy: 1 - GPS measurement with 
the highest possible accuracy (up to 2 m), 2 - GPS measurement with accuracy 2-7 m, 
3 - GPS measurement with accuracy 7-25 m, 4 - point GPS measurement with accu-
racy up to 5 m, 5 - point GPS measurement with accuracy up to 25 m, 6 - landslides 
plotted into the map 1:10,000 without GPS record, 7 - landslides plotted into the 
map 1:25,000 without GPS record. 

hoz_avg double precision Mean horizontal accuracy of GPS record. 

hoz_worst double precision Worst horizontal accuracy of GPS set of records. 

rcvr_type varchar(50) Type of the applied GPS receiver. 

kategoria_sev varchar(5) 
Socio-economic classification of the risk induced by sliding: R1 - low risk, R2 - 
moderate risk, R3 - high risk, R4 - very high risk, potential threat to lives and prop-
erty (Liščák et al., 2010). 

plocha double precision Area of landslide in ha. 

obvod double precision Perimeter of landslide (outer line) in m. 

idsrf varchar(75) 
Code of the geological basement of landslide corresponding to unified database 
legend GeoIS (SGIDŠ, 2006, (�http://mapserver.geology.sk/gm50js| 

priemerny_sklon_svahu double precision Mean slope angle within landslide body (accumulation part included). 

azimut double precision Mean aspect of landslide (azimuth, starting with N). 

svetova_strana varchar(5) Symbol of aspect quadrant of landslide. 

haz_dial Boolean Information on risk for a motorway (1 - true, 0 - false). 

haz_cesta Boolean Information on risk for other roads (1 - true, 0 - false). 

haz_zeleznica Boolean Information on risk for railway (1 - true, 0 - false). 

haz_budova Boolean Information on risk for buildings (1 - true, 0 - false). 

pricina_antropog Boolean 
Information, on the either anthropogenic factors (1) or natural factors (0) of land-
sliding. 

sanacia_navrh Boolean Information, whether landslide is proposed for remediation (1 - true, 0 - false). 

sanacia_real varchar(75) Year(s) of remediation (several years are separated by comma). 

poznamka memo Notes to landslide. 

geom 
geometry  
(polygon, 100100) 

PostGIS geometry (100100 is SRID/EPSG code of cartographic projection JTSK 03/ 
Krovak East-North with binding transformation key GKU for SR). 

zaznamenal varchar(125) 
Name of geologist, who inserted record into the database (responsible for record cor-
rectness). 

row_id 
serial  
(primary key) 

The record identifier. 

stupen_aktivity varchar(75) Activity (active, potential, stabilized). 

lokalita varchar(175) Designation of slope deformation. 

mapovali varchar(175) Mapping geologists’ names. 

atlas_ss integer 
Registration number in Atlas (Šimeková & Martinčeková, et al., 2006), code of link-
ing to attribute table in the Atlas database. 

geofond varchar(75) Registration number in Geofond Register. 

geomorfologia varchar(25) Index of geomorphological unit (in terms of regional division SR). 

ig_stavba_svahu integer(5) Engineering geological characteristic of slope, expressed by index. 

regionalna_ig_rajonizacia varchar(175) Regional engineering geological division, expressed by index. 
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ig_rajony varchar(25) Index of engineering geological zone. 

hg_pomery varchar(175) Hydrogeological conditions of landslide. 

vztahy_toky_nadrze varchar(175) Code of relation to streams and reservoirs. 

pramene integer Presence and number of springs. 

vyska_max double precision Maximum altitude within landslide body (derived from DMR). 

vyska_min double precision Minimum altitude within landslide body (derived from DMR). 

typ_sd varchar(75) Type of slope deformation. 

 
The source maps ZM 10 with plotted slope failures 

are geo-referenced to the coordinate system S-JTSK 
(Krovak East-North), on the basis of the corners of map 
sheets, using a GKÚ binding transformation key for the 
SR territory (Droščák, 2011). The achieved accuracy 
(RMS error) including the error of transformation 
WGS84/ETRS89 - JTSK ranges from 30 cm to 2 m (60 cm 
on average). 

Digitization of slope deformations in GIS environ-
ment runs directly on the basis of ZBGIS (Fig. 3.3), 
which can be downloaded or directly linked from Geo-
portal GKÚ SR via WMS technology (�https://zbgisws. 
skgeodesy.sk/zbgis_wms_featureinfo/service.svc/get), in 
order to adapt to its topographical features that should 
achieve in this map series proclaimed sub-meter accu-
racy. Morphology of a landslide must be digitized by an 
expert - a geologist with respect to key elements of to-
pographic maps, especially water streams and relief re-
presented by contour lines and/or hill-shading. 

3.4.2.  Slope deformations recently mapped and regis-

tered in the field 

In addition to the base ZB GIS, or ZM 10, in the 
scope of the digitization of graphical entities in a GIS 
environment base orthophotos are also used with a reso-
lution and accuracy of 1.5 m (IACS project; Šrámková, 
2004), available to SGIDŠ from the entire territory of 
Slovakia. It is also possible to use freely disseminated 
satellite and aerial imagery from Google database, how-
ever, their positional accuracy varies considerably, due to 
the inconsistencies of resources used (error in documents 
of Digital Globe Company on Google Earth may reach 
for the territory of the Slovak Republic +/-25 m, while 
documents from the companies Eurosense/Geodis Slova-
kia achieve sub-meter accuracy. The orthophotos provide 
accurate information on the direct threat to civil engineer-
ing works: buildings, roads and railways, relevant for 
their record into table (passport) of a slope failure. 

For technically flawless digitizing of polygon con-
tours of slope deformations it is also necessary to re-
spect the topological correctness on the joint of graphi-
cal entities, mainly due to further correct processing 
using GIS spatial analysis. The above mentioned GIS 
software allows so-called "topological editing" (avoid 
overlay, intersection). The topological correction can 
also be additionally made directly in database environ-
ment PostGIS. 

Further technological progress in the inventory of 
slope failures has been made in connection with an exces-
sive activation of slope deformations in 2010. The SGIDŠ 
geologists promptly made registration of 551 active slope 
deformations in the territory of Eastern Slovakia (Liščák 
et al., 2010). For the first time in the history of systematic 
inventory of slope failures and other geological objects in 
the Slovak territory they applied very precise, "scale-less" 
survey of slope failures and their morphological features 
using GNSS technology (Fig. 3.2; output on example of 
the Chmeľnica Village, Fig. 3.4). A component of the 
research was also compiling of a detailed database of reg-
istered slope deformations and their classification in 
terms of socio-economic significance. 

Since 2010 the Department of Engineering Geology 
SGIDŠ has carried out all terrain mapping and registra-
tion of new slope deformations using precise GPS of GIS 
category (Trimble GeoXT 2005) with an option of signal 
refinement from the EGNOS device and use the DGPS 
corrections. Under ideal conditions, these devices can 
achieve sub-meter accuracy of a record (Ondrejka et al., 
2011). Individual line and area features of slope failures 
are recorded and distinguished on the ground (head scarp, 
accumulation part, cracks, etc., Fig. 3.2). 

This way recorded field data are processed within the 
so-called postprocessing and various subjective correc-
tions in GIS programs and stored in a spatial database on 
PostGIS server. In the attribute table the details of the 
achieved positional accuracy are recorded (maximum 
error, average error, time of recording, device type, etc.) 
and the resulting quality grade 1-7 according to the fol-
lowing rules: 

1. Landslides surveyed geodetically or with GPS de-
vices of GIS categories (e.g. Trimble GeoXT) with the 
highest achievable accuracy (within 2 meters), or very 
accurate products of airborne survey (photogrammetry, 
laser scanning); 

2. Landslides surveyed with GPS devices with an         
accuracy of 2-7 meters (equipment of GIS category or 
navigation devices and smartphones/tablets with GPS + 
GLONASS signal in the open air); 

3. GPS measurements with an accuracy of 7-25 me-
ters (GPS navigation devices and smartphones with           
restricted signal reception (due to forest vegetation, high-
rise buildings); GPS devices without GLONASS recep-
tion, navigation devices in cars, etc.); 

4. Spot GPS measurements with accuracy within 5 m; 
5. Spot GPS measurements with accuracy within 25 m; 
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6. Landslides plotted into the map 1:10,000 without 
GPS survey, or orthophotomaps 1:5,000. 

7. Landslides plotted into the map 1:25,000 without 
GPS survey. 

The database stores these original field records with-
out any adjustments in specific tables (gps_trasy_gpx2d, 
gps_trasy_ssfSd, Tab. 3.1) in separate database Schema. 

Fig. 3.2 GPS recording of landslide main scarp in Spišské Vlachy village, during the field survey and mapping of new 
activated landslide after rapid rainfall event in June of 2010. 

 

 
 

Fig. 3.3 View of graphic and attribute form of detailed database of landslides visualised on ZB GIS groundwork.
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Fig. 3.4 Visualization of detailed landslide mapping on topographic groundwork: a) orthophotomap (Google Earth, 
2010); b) KNC cadastre map. 

5.   Conclusions

The results of systematic mapping and registration of 
slope deformations, as one of the riskiest geological fac-
tors in Slovakia were completed in 2006 in a compre-
hensive map series "Atlas of Slope Stability Maps SR at 
Scale 1:50,000" (Šimeková & Martinčeková, et al., 2006, 
see also paper by Šimeková et al. 2014), assessing by 
unified methodology the whole territory of Slovakia. De-
spite the unquestionable importance of this work its prac-

tical use has revealed certain deficiencies derived mainly 
from general scale  but also from its gradual "aging" 
(maps are not systematically complemented on emer-
gency and other activated landslides or other newly regis-
tered slope deformations) and therefore they find limited 
use in engineering projects and spatial plans documents. 

The above deficiencies of the Atlas can be eliminated 
by:  
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1. Building a GIS database of slope deformations in 
the fine-scale compatible with ZB GIS topographic base-
ments. This database will gradually integrate slope defor-
mations: 

• registered in the Atlas, whereas the polygons of 
slope deformations are digitized from the working and 
terrain maps of scale 1:10,000 of the Atlas’s initial 
documentation, as well as from various engineering geo-
logical maps of detailed scales, or other documents; 

• new slope deformations registered within the geo-
logical projects after 2006, i.e. after the completion of the 
Atlas; 

• slope deformations registered by SGIDŠ geologists 
in their expert visits to emergency landslides reported to 
MoE by local authorities or directly by the citizens. 

2. New projects aimed at creating the landslide ha-
zard maps in detailed scale based on reassessment of 
older relevant maps and a new field mapping, using new 
computer technology and software, oriented to the area 
with the greatest landslides risk. 
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Abstract: The paper presents several commonly used statistical 
methods: bivariate analysis with weighting factor and multivari-
ate conditional analysis with regard to the landslide hazard as-
sessment within GIS environment. Complete methodology from 
selection of input factors, data collection and preparation of 
parametric maps as well as compilation of landslide hazard map 
is proposed. Finally, evaluation, advantages or disadvantages of 
both applied methods are compared in case study area nearby 
Hlohovec and Sereď (Slovak Republic) in detailed map scale. 
 

Keywords: landslide hazard • landslide susceptibility map • 
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4.1.  Introduction and terminology 

In the present time landslides pose a significant envi-
ronmental threat with their unfavourable socio-economic 
impact in many regions of the world, including Slovakia. 
Therefore, the interest of many researchers is mainly fo-
cused on the defining factors of slope movements and 
making prognoses of landslides occurrence in the future 
with high probability. This effort has led to the develop-
ment of many methods of landslide hazard assessment 
and prognosis. Among them, the quantitative methods 
have an important position, which includes also the statis-
tical methods presented in this paper (Aleotti & Chowd-
hury, 1999). They are based on relation between relevant 
factors affecting the slope stability and registered slope 
deformations, with subsequent statistical processing. 

Statistical methods have been gradually developed 
since the 70ies, when there were published a lot of papers 
presenting many different approaches to solve the above 
topic. A detailed overview of the methods from this pe-
riod is contained in the studies of authors van Westen, 
1993; Carrara et al., 1991. 

In the natural sciences, which are mainly engaged in 
the examination of objects and phenomena, the real geo-
graphical space is closely related the use of geoinforma-
tion systems (GIS). The wider use of GIS technology in 
natural science disciplines has been started from the first 
half of the 90ies in connection with available personal 
computers. Thanks to use of available technology, which 
is needed for processing large statistical data files, devel-
opment of statistical methods in the landslide hazard as-

sessment was significantly shifted both in theory and in 
practice. 

With respect to the fact that the statistical prognosis of 
the landslides occurrence is based on the assessment of 
the similarity of a set of conditions in the affected area, it 
followed the assumption that landslides will occur in the 
future under the same conditions as occurred in the past 
and occur at present. According to this assumption, the 
steps of assessment are: the detailed landslide inventory; 
the mapping of factors (parameters) associated with the 
landslides occurrence; the classification of set of factors, 
regarding a degree of landslide susceptibility in the area 
based on the statistical relation to the registered slope 
deformations; and the final synthesis and compilation of 
the resulting prognosis map. 

The final prognosis maps divide the area into a de-
fined number of landslide susceptibility zones. From 
these maps it is possible to determine critical areas, where 
occurrence of slope deformations can be expected in fu-
ture, assuming the presence of appropriate trigger events. 
In Slovakia, three zones are defined: stable areas, condi-
tionally stable and unstable areas in terms of methodol-
ogy by Kováčik (1996) and Directive of MoE SR (1999). 
These maps were compiled predominantly in traditional 
way (empirical engineering geological and geotechnical 
approaches), but at present they could be significantly 
improved using statistical methods within GIS environ-
ment. 

In the presented case-study the area between the Hlo-
hovec and Sereď cities in western part of Slovakia was 
chosen. The area is intensively affected by the active 
landslides and has been continuously monitored since 
1997 by the State Geological Survey (SGIDŠ, Iglárová et 
al., 2011). 

4.1.1. Basic terms 

Herein used terminology is based on the most com-
monly used terms, mainly from studies: Carrara (1983, 
1988); van Westen (1993); van Westen et al. (1993) and 
Aleotti & Chowdhury (1999). The terminology of engi-
neering geology, geological hazards and risks follows the 
study of Varnes (1984), the landslides classification (in 
the Slovak Republic) is according to Nemčok, Pašek and 
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Rybář (Nemčok et al., 1974) and Matula (1995),         
Ondrášik & Gajdoš (2001), Drdoš (1992), Minár & 
Tremboš (1994). 

In this paper the landslide susceptibility term depends 
on the context and can be optionally replaced with the 
term landslide hazard. 

In the scope of the landslide hazard assessment we 
can estimate the areas of the occurrence, the time and the 
intensity of this phenomenon with various degree of 
probability. The place of the occurrence can be predicted 
with a high probability based on the analysis of relevant 
factors by conventional models with low uncertainty. The 
models are based on the implementation of the spatial 
distribution of those factors, which are relevant to the 
occurrence of slope failures. The term slope stability con-
ditions includes various external and internal factors that 
affect the stability of slopes, e.g. lithology, physico-
mechanical properties of the rock environment, character 
of geological structures and setting, georelief (slope dip, 
slope length, aspect), hydrogeological conditions (rainfall 
and groundwater level), land cover, etc. 

Most of the mentioned conditions and factors of slope 
movements can be quantified; i.e. expressed in numerical 
form (absolute or relative/semi-quantitative). Numerically 
expressed factor of slope deformations is called index or 
parameter. 

Trigger factors directly cause landsliding in unfa-
vourable conditions, for example by increasing the active 
forces acting on the slope (external causes), or reducing 
the shear strength of rocks inside the slope (internal 
causes). They are usually unexpected events that cannot 
be predicted by conventional deterministic models: e.g. 
earthquake, rapid rainfall, increasing of slope angle 
caused by lateral erosion during the storms and floods, 
various influences of anthropogenic activities (surcharge 
on slope with artificial fills, undercutting the slope toes, 
etc.). Trigger factors and events are not included in the 
presented methodology. 

For solving of presented problems within GIS envi-
ronment it is necessary to define each input parameter in 
a spatial form as parametric map (often termed as “index 
map”). The parametric map in digital form (vector or 
raster) represents a data coverage (theme) with polygon 
topology. In terms of vector graphics each polygon is 
given by a set of nodes (vertices) of border line, where 
the nodes are defined by pairs of coordinates (X, Y) in 
two-dimensional geographic space. For the methodology 
used in the present paper the raster format is more appro-
priate and recommended, which is the standard for using 
map algebra. 

4.1.2. Review and progress of statistical methods in  

the landslide hazard assessment 

Among the statistical methods, two groups of meth-
ods are the most important: bivariate and multivariate 
analyses. In the case of bivariate analysis each input pa-
rameter is compared separately with landslides inventory 
map. The advantage of the bivariate analysis is the possi-

bility to weight each input parameter, calculated on the 
basis of the landslides density within each class of pa-
rameter. Weights for each input parameters are reflected 
in the final compilations of resulting maps. 

The multivariate analysis considers mutual combina-
tion of several (or all) input parameters simultaneously 
with the landslide inventory map. The quasi-homo-
geneous unique condition units (UCUs) are created by 
combination of classes within each input parametric map. 
In this case the weights of individual parameters are not 
accepted, because the importance of each parameter is 
determined by its frequency and repeating the class of 
parameter in combinations within the UCU. The multi-
variate analysis also partially reflects the interaction and 
influences among different input factors. 

The first case studies of statistical approach to land-
slide hazard assessment were published by Carrara (1983, 
1988) and Carrara et al. (1990, 1991). Later on, several 
authors continued in this research, innovating and apply-
ing the issue of quantitative landslide hazard assessment 
using GIS in many areas (Atkinson & Massari, 1998; 
Guzzetti et al., 1999; Gupta & Joshi, 1990; Jäger & 
Wieczorek, 1994, etc.). The summary report of method-
ology of GIS application in the landslide hazard analysis 
is in the works of Carrara et al. (1995) and van Westen 
(1993). Van Westen (1993) discussed in detail basic prin-
ciples of different approaches using bivariate (or univari-
ate) analysis, as well as the multivariate analysis. Authors 
implemented the theoretical principles into the sophisti-
cated program GISSIZ which practical manual was the 
second part of the publication (van Westen et al., 1993). 

From practical point of view the following studies are 
notable: Irigaray & Chacón (1996); Clerici (2002); Süzen 
& Doyuran (2004); Joshi et al. (1997). Comprehensive 
summary of the landslide hazard assessment, short de-
scription and classification scheme of mostly used meth-
ods (including statistical methods) is presented in the 
work by Aleotti & Chowdhury (1999). 

In Slovakia, except of a pioneer work by Vlčko et al. 
(1980), the application of exact quantitative methods of 
landslide hazard assessment was not systematically sol-
ved until early the turn of millennia. Since 2001 to 2012, 
several progressive works and studies as well as scientific 
publications dealing with the practical application of sta-
tistical methods in landslide hazard assessment have been 
created. 

In the initial period, the studies were focused more in 
the theoretical principles of statistical methods and their 
practical application in selected areas predominantly in 
the scale 1:50,000 (Pauditš & Bednarik, 2002; Bednarik 
et al., 2005; Jurko et al., 2005; Pauditš et al., 2005, etc.). 
Later, the case studies and practical applications were 
focused in the landslide hazard maps creation in smaller 
areas in more detailed scales (Bednarik, 2007; Magulová, 
2009; Petrýdesová, 2012). 

At present, the attention is focused in specific theo-
retical and practical aspects of these methods (Bednarik 
& Pauditš, 2010) as well as a comprehensive assessment 
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of larger areal units, including transboundary areas          
(Bednarik & Liščák, 2010; Holec et al., 2013). 

The attention deserves a project titled "Engineering 
Geological Mapping of Slope Deformations in the Most 
Vulnerable Areas of the Flysch Zone" (Grman et al., 
2011), in which the landslide hazard map of the north-
west and north-eastern part of Slovakia with an area of 
4,042.23 km2, at a scale of 1:10,000 was created. 

4.1.3. Terminology and principles of the raster data 

model and map algebra 

Generally, the Geographic Information Systems (GIS) 
have been considered as a special type of IT systems 
where the most data have been fixed to spatially localized 
objects, phenomena or events (according to Clarke, 
1999). One of the basic advantages of using GIS is the 
modelling and analysis of dynamic spatial processes by 
set of numerical and statistical methods (Tuček, 1998; 
Hofierka, 2003). In the case of raster data model the basic 
unit is presented by grid cell. Set of cells represents a 
regular numeric matrix in two-dimensional space (grid). 
Each cell of raster is defined by a pair of coordinates in 
real two-dimensional geographic space and at least by 
one numeric attribute - quantifier, which represents the 
basic entry for mathematical operations. 

The relation between the numerical values of cells in 
the grid can be continuous or discrete. In the case of 
continuous values smooth transitions exist between the 
neighbouring grid cells (e.g. continuously changed val-
ues of altitudes). Conversely, discrete data field has 
crisp boundaries between differently classified areas, 
without smooth transitions (it is not possible to present 
it in the form of isolines). The change in grid topology 
from continuous to discrete allows a reclassification 
process, by definition of intervals. On the other side, the 
interpolation process allows for calculating the empty 
space between the discrete input data (points or lines). 
In case of entry into the statistical analysis it is better to 
use the reclassified data fields (for example the slope 
angle divided into six intervals, the aspect into four 
quadrants, etc.). 

The most frequently used analytical tool for process-
ing of raster maps is map algebra. It provides the oppor-
tunities for manipulation of numeric values in the grid 
cells as elements of arithmetic expressions and fun-
ctions. Programming procedures and calculations within 
the map algebra could be usually run using short scripts 
in command line environment. In the present paper 
utilization of map algebra environment of the open 
source GIS GRASS is recommended – the r.mapcalc 
package (Shapiro & Westervelt, 1992). In the past, the 
GRASS GIS environment was used in predicting land-
slide hazard and the creation of landslide susceptibility 
maps by Gupta & Joshi (1990); Jäger & Wieczorek 
(1994); Clerici (2002) and others. Statistical analyses 
were realized in GRASS system (r.stats package) con-
nected with statistical software R-statistical language 
(Bivand, 2000). 

4.2.  Methodology overview 

Methodical approach of landslide hazard maps crea-
tion by statistical methods in the Slovak Republic has 
been published repeatedly since 2002 and practically 
verified by several case studies. Development of the co-
herent methodology at the present time depends mainly 
on the relatively dynamic implementation of GIS tech-
nologies to geological practice. This trend is likely to 
influence also a development of related legislation, not 
only in Slovakia but also worldwide. 

The methodology of statistical assessment and prog-
nosis of landslide hazard is based on the appropriate se-
lection of slope stability factors and their evaluation 
resting in a comparison with the occurrence of slope de-
formations in the study area. Based on the above, poten-
tial occurrence of landslides in future is expected in the 
same conditions as in the past, respectively at present. Set 
of factors, statistically assessed in GIS environment by 
comparison with the spatial distribution of registered 
landslides has been applied using the extrapolation to the 
field units in the whole assessed area, where it is also 
assumed the possibility of occurrence of slope deforma-
tions in analogical favourable conditions. A new prognos-
tic map dividing the study area into the zones with differ-
ent degrees of landslide susceptibility was created. The 
zones classified according to the statistical approach can 
be applied only in the area where the statistical assess-
ment has been done, so the extrapolation has not a gen-
eral application. Terrain units cannot be classified by the 
same way as in other areas where the conditions of land-
slide susceptibility can be different. 

Based on the above, the main thesis and goals of this 
paper are: 

• selection of the appropriate statistical methods for 
creating of landslide hazard map with regard to the imple-
mentation within GIS environment; 

• proposal of methodology with respect to optimal 
possibilities of practical applications: data collection, sta-
tistical processing, final compilation of the resulting maps; 

• practical verification of weighting calculations 
with subsequent determination of the relevance of various 
input parameters in the model area; 

• practical application of the proposed methodology 
in the model area between Hlohovec and Sereď, creation 
of landslide hazard map of detailed scale (compatible 
with ZB GIS; Michalík, 2010), including all necessary 
attributes resulting from existing directives (Kováčik, 
1996; Directive MoE SR, 1999); 

• proposal of the most appropriate method for the 
practical use in future (with respect to data sources and 
data availability, legislation, geological conditions, land-
scape-ecological and urban aspects, etc.). 

The progress of the works can be summarized as fol-
lows (Fig. 4.1): 

Engineering geological mapping and landslides regis-
tration are required for statistical analysis and application 
of all mentioned methods. The landslides can be obtained 
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from different types of data archives, maps or remote 
sensing images, etc. The field verification and supple-
mentary mapping focused on the accurate position of en-
tities is necessary. 

Mapping of input parameters. Different natural and 
anthropogenic factors influencing the slope stability rep-
resent important input variables in the statistical analysis. 
Selection of the input factors is specific for each study 
area and widely depends on the individual assessment of 
conditions and professional experience of researcher. For 
example, the slope aspect more markedly influences the 
soil moisture in coastal areas with predominant winds in 
one direction (usually from the seaside), as in the inland 
where the wind direction does not influence so much. The 
weight of each factor in specific area can be exactly              
determined using methodology by Vlčko et al. (1980). 

Implementation into GIS environment. Each input fac-
tor has to be quantified prior to entering the GIS and spa-
tially expressed in the form of index map. At present 
sense of words, index map represents a system whose 
each component is represented by quantified parameter 
class.  

Statistical analysis consists of comparing the index 
maps with landslides inventory map in GIS environment 
based on exact rules and statistical methods. In the pre-
sented study, the bivariate analysis with application of 
weighting of variables and conditional multivariate 
analysis were used. The result of the analysis represents 
the reclassification of input parameters according to sus-
ceptibility to landslides based on frequency of landslide 
occurrence in each parameter class. 

  

 
  Fig. 4.1 Landslide hazard assessment schematic flowchart. 
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Compilation of the prognosis map is the final step of 
the whole methodology process. The distribution process 
and determination of the finite number of the zones in the 
map represents a creative and highly responsible part in 
terms of the final results, which depends on the individual 
approach of the investigator and used procedure. 

4.2.1. Preparation of index maps 

Technology of raster based GIS and map algebra 
assumes a precise preparation of the input index maps, 
often created by the conversion of primary vector data 
layers into raster format, which creates a basis for all sta-
tistical and mathematical operations. 

Each index map in the GIS environment represents 
the spatial distribution of the parameter that enters into 
the statistical analysis. For the correct work with these 
maps in GIS environment, it is necessary to fulfil certain 
technical requirements. The basic requirement of each 
parametric map is its positional accuracy. Parametric 
maps are often derived from multiple sources: different 
thematic maps in various cartographic documents, digital 
vector maps in various projections, remote sensing data, 
satellite images, etc. Positional accuracy of such sources 
is often variable and results mainly from scale, method 
and precision of scanning and georeferencing. 

In the Slovak Republic in the GIS environment most 
commonly used coordinate system is S-JTSK in Křovak 
cartographic reference. Despite the fact that its accuracy is 
being currently reevaluated, it is still officially supported 
coordinate system and most digital data (including topog-
raphic groundwork) are available within this system. For 
this reason, the cartographic data transformations among 
different coordinate systems are often necessary (e.g. from 
S-JTSK to UTM). This is usually connected with minor or 
major loss of positional accuracy. 

In the former Czechoslovakia before the 1989, some 
public cartographic maps were deliberately distorted and 
deformed for strategic reasons. These distortions were 
strongly reflected mainly in the maps of small and me-
dium scales. Later they were partially transferred also 
into digital map series (e.g. SVM 50 - seamless vector 
map 1:50,000) distributed by GKÚ SR, which currently 
cannot be considered as spatially accurate. Since 1989, all 
published map layers should contain correct positioning 
(in relation to the S-JTSK and its known position errors). 
Currently, the actual digital maps (e.g. ZB GIS; Michalík, 
2010) have solved the problem of positional accuracy in 
detailed scales (so called "scaleless" map series). 

Many thematic maps, which contain important infor-
mation source for the input index maps were processed in 
the past and currently exist only in printed form. There-
fore, for their entry into the GIS their digitization is 
needed. This includes for example: set of geological maps 
at a scale of 1:50,000, issued in SGIDŠ until the year 
1992; synoptical engineering geological map of Slovakia 
from 1989 (PIGMAS, Matula et al., 1989) and many  
authors´ original manuscripts plotted on different topo-
graphic and elevation layouts. Some of these maps cannot 

be georeferenced with required precision and subse-
quently digitized, therefore, they are not considered as 
positionally accurate. 

Despite the mentioned facts, for the correct subse-
quent processing the positional alignment of all input 
maps with topographic layouts (and also with each other) 
is necessary. Statistical methods require indispensable 
geographic accuracy and correct superposition of all         
input parametric maps. For mutual “superpositioning” of 
the digital maps derived from various sources serve dif-
ferent transformation algorithms (linear and polynomial 
transformation, rubber-sheeting), which are commonly 
implemented in GIS systems (e.g. the ADJUST in ESRI/ 
ArcInfoTM, i.rectify command in GRASS GIS, etc.). 

Another important step, which is needed for conver-
sion of vector layers into raster parametric maps, is the 
topological correction, which involves error corrections 
of polygon topology generated during digitization process 
and subsequent map editing. Among standard errors be-
long: snapping error and overshooting of lines to fitting 
point, missing fitting point, unclosed polygon, etc. With-
out correction of these seemingly minor technical errors 
the conversion to raster format would not be possible, 
which is the final stage of technical preparation of para-
metric maps. For topological correction, the BUILD and 
CLEAN commands are standard-used. 

After the conversion to raster format, it is also neces-
sary to adjust all input parametric maps in terms of the 
geometry of grid. This means that each parametric map 
must have the same grid geometry (same number of cells 
of the same size) within the assessed area; otherwise the 
results of statistical analyses could be highly distorted 
and unreliable. GRASS GIS system defines uniform geo-
metry for all parametric maps already within the defini-
tion of the system variables (LOCATION/MAPSET) and 
these are fixed to all index maps of the same project. 

The cell size is chosen based on the required precision 
and scale, eventually also depending on the required qual-
ity of the printed output. In general, for the data derived 
from maps of medium and large scales the cell size 10 x 
10 m is adequate; more detailed grid with smaller cells 
takes inappropriate requirements on computing perfor-
mance, but usually doesn’t give higher information value 
in results.  

In the model area in the present paper, the uniform de-
fined grid of square cells of cell size 5 m is used, which in 
the whole area (89.40 km2) represent 1,720 x 3,430 cells. 

Index maps originally obtained or generated in raster 
form: e.g. DEM and its derived morphometric parameters 
(slope angle, curvature, etc.) primarily represent the distri-
bution of input factor in form of a continuous grid. There-
fore, they must be transformed into grids with discrete val-
ues separated by crisp boundary. Conversion process of 
continuous values into discrete intervals is called re-
classification. Rules for the reclassification of various   
parametric maps may be different; mostly they are not 
based on exact procedures, but on the author's opinion and 
character of given input parameter in the assessed area. 
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The objective of the first reclassification of parametric 
maps is to get the minimum number of categories 
(classes) in each parametric map, in order to obtain the 
minimum number of final quasi-homogeneous units 
(UCUs) in combination with each other in the case of 
multivariate analysis. Either the maps without primary 
reclassification or maps with a large number of classes 
(e.g. the original geological map with many units) are 
used, the number of final UCUs in multivariate analysis 
will be enormous (nonsensical proportions in principle) 
and very difficult for final processing. On the other side, 
in the case of bivariate analysis, the weighting process 
containing determination of correlation coefficient is 
preferable to work with a lot of data contained in original 
non-reclassified parametric maps.  

4.3. Bivariate analysis with determination               

of the weight of input parameters 

In the case of bivariate analysis each parametric map 
is statistically compared with landslide inventory map 
separately. In simplified term, it is a comparison of two 
input parameters where one (the landslide inventory map) 
presents a dichotomous variable as the binary map with 
numeric values: 1 (TRUE) or 0 (FALSE). The result is a 
table containing a double combination, in which one of 
the numbers is a class in the parametric map and the sec-
ond number (0 or 1) means the presence or absence of the 
landslide in given category. 

Having in mind that the landslides map is usually ex-
pressed in the form of sequences of grid cells represent-
ing a scarp zone of landslide as the line, the number of 
landslides cells in each class of parameter is decisive. The 
result of combination is to determine a total number of 
cells with and without landslide scarps in each class of 
parameters. 

The next step is the calculation of density within each 
class of parametric maps. The density represents a num-
ber of cells contained in the area with landslides in each 
class in proportion to the total number of cells in the pa-
rameter’s class.  

The density calculation is in principle relatively sim-
ple, while the landslide inventory map is expressed by 

dichotomy form of binary grid (0/1). Provided the land-
slides in parametric map are presented in the form of 
scarp lines (main scarp upper edge - MSUE; Clerici, 
2002), the number of cells can be converted to the length 
of scarp (e.g. based on the ratio of the basic cell size and 
the diagonal; Jurko, 2003) and intensity of landslide ac-
tivity in the study area  was expressed by total length of 
MSUE (in meters)/1 km2 of area of the parameter class. 
In the case of presentation of landslides entities as raster 
polygons, the number of cells has to be converted to total 
area (in m2) and intensity was expressed as the percentage 
or per mille (Bednarik & Pauditš, 2010). 

These calculations are obviously loaded with system-
atic errors, resulting from the approximation of cell size, 
but generally the cell size doesn’t significantly influence 
accuracy and reliability of the calculation result of den-
sity value. For instance, for the 5 x 5 km area, the differ-
ence in accuracy with cell size 10 x 10 m and 2 x 2 m is 
of order of tenths of a percent.  

This way obtained density generally expresses a fre-
quency of landslide events in the parameter class. For 
example, by comparing the lithology factor with land-
slides inventory map it can be found that statistically 
most affected areas per basic area unit fall within flysch 
formation with a predominance of clayey soils, etc. 

This indicates that usually the output maps have been 
highly influenced by the inaccuracies and errors during 
the preparation process of parametric maps, especially by 
differences in positional accuracy and mutual superposi-
tion. Results from non-coincident, spatially inaccurate 
and geometrically different maps cannot be considered as 
representative and may be misleading. 

Based on the calculated density of the landslide oc-
currence, each parametric map can be secondarily reclas-
sified, where newly assigned numeric value (replacing 
the first one) represents statistically determined landslide 
susceptibility separately for each parameter class (see 
Tab. 4.1). The reclassified parametric map is created, in 
which the highest numerical value represents the class 
most susceptible to sliding and on the other hand, the 
class with the lowest numerical value presents the lowest 
landslide susceptibility hazard.  

 
Tab. 4.1: Example of secondary reclassification of input parametric maps with assignment of weighted classes’ values (by Bednarik, 
2001: Pauditš & Bednarik, 2002). 
 

 Lithology Slope Elevation 

Primary classes 1 2 3 4 5 6 7 8 9 10 11 12 3 4 5 6 12 3 4 5 6 

Secondary reclassified classes 4 11 9 1 1 2 3 3 10 8 1 5 6 4 3 2 1 6 5 4 3 2 1 

 
An outcome of the bivariate analysis is the final map 

of landslide hazard resulting from the weighted summa-
tion of all secondary reclassified parametric maps. Prior 
to the final summation it is necessary to determine the 
weight of each input parameter.  

Another necessary step prior to the final summary is 
the equalisation of the number of classes in each input pa-
rametric map according to the parametric map with the 

largest number of classes (parameter z/mi - equation 4.1). If 
this equalisation is not applied before the final summation, 
parametric maps with fewer classes would enter into the 
summary with distorted (undervalued) values, and there-
fore partially depreciate the weight of each parameter.  

The equation for the final summation in the bivariate 
statistical analysis for the calculation of the weighting 
parameter as a whole is as follows: 
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y  –  value contained in final landslide hazard map; 
i   –  the number of the input parametric maps                        

(1, 2…..n); 
z   –   the number of categories in the parametric map with 

the highest number of categories; 
mi – the number of categories in the relevant parametric 

map; 
C  – the value of class in secondary reclassified paramet-

ric map; 
Wi – the weight of the input parameter. 

The result of such summation is a continuous interval 
of values limited by the equalised summary of the lowest 
and highest values in each of the parametric maps in the 
whole study area.  

Finally, the interval of values should be divided into a 
final number of classes, representing the zones of land-
slide hazard map. Current Directive of the Ministry of 
Environment of Slovak Republic issued to produce the 
landslide susceptibility maps (Kováčik, 1996; Directive 
MoE SR, 1999) indentifies three degrees (zones) of sta-
bility of the area: zone of the unstable areas, zone of the 
conditionally unstable areas and zone of the stable areas. 
The ranges (intervals) are advisable to be selected based 
on either an equitable distribution of the result to three 
equal parts, or more exact methods application (Pauditš et 
al., 2005; Pauditš, 2006). In other cases, a five level scale 
could be used: low, moderate, medium, high and very 
high susceptibility, which describes zoning area in more 
detail (Bednarik & Liščák, 2010; Holec et al., 2013; 
Petrýdesová, 2012). 

4.3.1 Determination of weight of the input parameters 

The weight of each input parameter indicates its rele-
vance in the landslide hazard analysis. It determines the 
degree of correlation of values in the parametric map data 
with a constant value of 1 (TRUE), representing the oc-
currence of landslides. If the degree is high, it can be 
stated clearly that the parameter has a significant impact 
on the formation and distribution of slope deformations 
within the study area. 

The principle of weighting determines the possibility 
to use the weight of input parameter value in the bivariate 
analysis only when the weighted value enters into the 
final summation of the secondary reclassified parametric 
maps. In the case of the multivariate analysis the weight-
ing of values in that sense of word cannot be used, be-
cause when compared with the landslide inventory, all 
parametric maps enter simultaneously. Nevertheless, the 
weight of a parameter is possible to determine as a partial 
result of multivariate analysis – matrix of values combi-
nation of the all input parametric maps, based on the 
analysis of frequency and probability distributions by any 
standard statistical processes (Student’s t-test, χ2 test, 
etc.). This way obtained weight can be used only in the 
process of the bivariate analysis. 

The methods of determination of the weight of input 
parameters could be various: as a whole, including all 
classes (Vlčko et al., 1980) or individual for each  class 
(category) within the parametric map (van Westen, 1993; 
Donati & Turrini, 2002; Süzen & Doyuran, 2004). Each 
of the methods has some specifics and different usability 
in a given area. For example, in areas, where the depend-
ence of the occurrence of landslide on certain factor, 
which lacks any category having some impact on the 
landslide occurrence, has been observed (e.g. northern 
quadrant of aspect), the low weight of such parameter as 
whole could be set falsely, whereas all the remaining 
classes didn’t show significant statistical correlation. 
Therefore it is necessary to apply always such a weight-
ing method, which takes into account the specificities of 
the study area and also the character values within input 
parameter maps. There is recommended to calculate the 
weight of each parameter separately for specific moni-
tored area, or to use a subjective weighting method for 
each area.  

In order to obtain the most exact result of calculating 
the weighting parameter it is necessary to work with the 
maximum input data set. Therefore, it is preferable to 
calculate the weight parameter prior to primary reclassifi-
cation of parameters into classes. For example, if the 
weight for slope angle factor is calculated (using any 
method), it is better to use the original input floating 
point values (calculated with step of 1°), and not just a 
small number of classes after the reclassification. Simi-
larly, it is necessary to follow the same way in all cases 
where the original grid exists in the form of continuous 
(floating point) data field. 

In this paper, the determination of the weight parame-
ter as a whole based on the value of entropy and informa-
tion coefficient has been used. Practical approach, espe-
cially within the GIS environment, the exact method of 
determining the relevance and calculating the weight of 
individual input parameters was suggested by Vlčko et al. 
(1980). The present approach is based on the principle of 
the bivariate analysis, which determines the intensity of 
slope deformations occurrence (pij) in the individual 
classes of input parameters. Within the model area be-
tween Hlohovec and Sereď cities, 6 parameters were 
used: lithology, digital elevation model, slope angle, cur-
vature of the relief, distance to stream and current land 
use. The way of determining the weight parameter as a 
whole is based on the determination of entropy (Hj) and 
maximum entropy (Hjmax) of the system according to the 
following equations: 
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Hj – entropy; 
Sj – number of components in system – classes in para-

metric map (j = 1... n); 
pij –  probability of the landslide occurrence in class of 

parameter (i = 1 ... Sj). 
 

Hjmax jS*log2=  (4.3) 
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Hj max – maximum entropy; 
Sj      – number of classes in the parametric map,               

j = 1... n. 
The information coefficient Ij is defined according to 

equation, for j = 1, 2… n: 
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The result will be in range [0, 1]. When the closer is a 
result to 1, the more destabilizes the input parameter the 
system. The weight of the parameter Wi  is the product of 
the information coefficient Ij and the average probability 
pj (represents the real probability values for each classes 
of all parameters), for j = 1, 2 … n:  

 

 Wi = Ij * pj  (4.5) 
 

Calculated weight value of each parameter can be        
entered into the equation (4.1) as the value Wi for the 
determination of the resulting categories of landslide sus-
ceptibility in the bivariate analysis. 

4.4.  Conditional analysis 

Multivariate analysis, in broad terms, is based on a 
comparison of the input parameters simultaneously as 
independent variables with landslides inventory map. The 
landslide inventory map (dichotomous variable) does not 
take into account only the value 1 (TRUE), but also the 
value 0 (FALSE), which is equally important informative 
value. 

In the case of conditional analysis (Carrara et al., 
1995; Chung et al., 1995; Clerici, 2002), the extensive 
table containing all combinations of the classes in all in-
put parametric maps, which are in mutual superposition, 
has been obtained by mutual simultaneous combination 
of all input parameters. The combination of all classes in 
parametric maps creates new areal elements in interim 
map, which represents quasi-homogeneous units, so-
called Unique Condition Units – UCU (Clerici, 2002). 
For instance, if the class 6 (10° – 15°) is superimposed on 
the map of slope angle, class 4 (Pleistocene terraces) in 
the map of lithology and class 3 (forest) in the map of 
land use, the resulting quasi-homogeneous unit will con-
sist of combination [4.6.3], etc. 

When comparing with landslide inventory map in this 
combination [4.6.3] the main scarp edges attain a total 
length XY m ([6.4.3.1]) and combination without land-
slides occupies a total area of the XY m2 ([6.4.3.0]). The 
final table includes the same number of records (rows) as 
the total number of mutual combinations of all classes 
contained in the all input parametric maps, landslide in-
ventory map included. This number may reach the order 
of several thousands. 

Neither secondary reclassification nor weighting of 
parameters is necessary before entering the multivariate 
analysis. In this case, the weight of parameter (or class of 
parameter) is determined on the basis of certain value 
repeating in each parametric map. Frequency of repeating 

values in matrices of categories can be determined ex-
actly by known statistical methods (e.g. χ2). However, for 
the conditional multivariate analysis (Clerici, 2002) de-
termination of weight (in above mentioned sense of 
word) is not substantiated. 

As in the case of bivariate analysis, the final combina-
tion with landslides existence (value 1 in the landslide 
inventory map) has been set according to calculated in-
tensity occurrence as a ratio between the number of UCU 
cells with landslides and the total area of UCUs. Results 
ordered in the upper rows of the table represent combina-
tions of classes of the input parametric maps, which we 
may consider in terms of landslide susceptibility as the 
most dangerous. 

In the position of the last rows are UCUs that contain 
a very small number of cells of the scarps. These can be 
caused by systematic errors during the parametric maps 
creation. Determination of the number of “error” cells 
must be done empirically, individually for each project, 
based on the quality of source data. 

In the case of using a larger number of input parame-
ters the UCUs may be affected by landslides in a very 
high share (up 100%), although their area is negligible 
(often 1 or 2 cells from several millions).Value of the 
intensity of landslides in such UCU is very high and 
moves such UCU to the highest ranking position in the 
statistical susceptibility assessment. Such cases cannot be 
avoided, but for example the UCU where the total num-
ber of grid cells is less than 50 can be ignored in the 
process of assessment. 

Process of final categorization area to a specified 
number of zones can be based on the following principles 
(Jurko, 2003): 

• calculation of the mean intensity of landslides (Md 

- mean density) in the study area within the UCU, which 
is affected by landslides (MSUE value 1 in the landslide 
inventory map) based on the ratio of the total number of 
cells in a given area and the summary number of cells of 
the scarp zones. The average intensity of affected UCUs 
represents the mean value of the middle interval calcu-
lated in ‰: 
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• the searched range of the interval of the landslides 
occurrence intensities in each combination (Ci - class          
interval) can be determined from the equation: 
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• subsequently, total number of combinations in the 
areas affected by slope deformations were divided into a 
specified number of zones on the basis of the calculated 
interval range: 0 – Ci; (Ci +1) – (Ci * 2); [(Ci * 2) + 1] – (Ci 
* 3 ); ...etc. In the present paper, where the value of Md = 
3.307, the following five intervals were defined: 1. 0 – 
1.322, 2. 1.322 – 2.646, 3. 2.646 – 3.966, 4. 3.966 – 5.288, 
5. >5.288 corresponding to 5 degrees of landslide hazard. 
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For the final classification of all existing combina-
tions (UCU) into final landslide hazard zones (degrees), 
program in map algebra environment can be used (shell 
script; Clerici, 2002; Bednarik et al., 2005), or a spatial 
database environment with the use of SQL language. In 
the case of using the SQL relational database an extensive 
table, which contains the coordinates of the grid cells (or 
spatial extension), combinations values and new assigned 
categories of landslide susceptibility are processed. Num-
ber of rows (records in the table) can increase to millions, 
depending on the size of the reference area and raster 
resolution (cell size).  

Processing of such amount of data is quite time-con-
suming and requires the high performance computing, 
even with the current availability of IT. Other technical 
way is to export an extensive table to an external data-
base, allowing processing of spatial data in real geo-
graphic coordinates (e.g. PostGIS spatial database).         
Operations of exports and backward reloading the result 
into the GIS system are also time-consuming. 

4.5.  Compilation of resulting hazard map 

In terms of methodology based on the “Directive of the 
Ministry of Environment of Slovak Republic” issued to 
compilation of the geofactors maps is the final map enti-
tled: “Map of relative susceptibility of region to landslid-
ing” prepared by the compilation of the following topics: 

• coloured area zonation (zones and subzones); 
• lithology (the class of lithological units shown by 

hatching); 
• borderlines of landslide bodies; 
• deformations caused by the undermining; 
• elements of water erosion; 
• tectonic features; 
• hydrological and hydrogeological conditions; 
• topographic groundwork. 
Area zonation in final map is highlighted in coloured 

zones using the standard “semaphore” scale presenting 
the zone of stable areas (green), conditionally stable areas 
(yellow) and unstable areas (red). For better visualization, 
the colours can be highlighted using the hill-shade effect, 
as the map will have more “plastic” character and allows 
better orientation in map with respect to morphology.  

Schematic lithology in the map is represented by trans-
parent hatches, overlaying the basic colour zones. Hatches 
identify the typology of Pre-Quaternary rocks and Quater-
nary cover. Lithological classes are formed by merging 
classes of the original geological, respectively engineering 
geological maps and their number can be varied. 

Special item in the map legend are geodynamic phe-
nomena, which are divided into active (red), temporarily 
stabilized (purple) and stabilized (black). Slope deforma-
tions are classified into 6 groups: A. falling and toppling, 
B. earth flows, C. landslides in soils, D. creep deforma-
tions of rocks, E. block fields and rifts, F. creep deforma-
tion of soils (slope deposits). In each group more types of 
slope deformations are selected marked by individual 

symbols. Tectonic faults are shown in the form of lines 
different for Pre-Quaternary and for neotectonic active 
failures. Elements of water erosion (rills, gullies, etc.) are 
represented by red line entities. 

4.6.   Input index maps 

The six input parameters have been evaluated in the 
present case study Hlohovec – Sereď, specifically: lithol-
ogy, DEM, slope angle, curvature of the relief, distance to 
stream and current land use. DEM, slope angle and curva-
ture of relief are the geomorphological factors. Each input 
parameter enters the statistical analyses in the form of 
raster index map, which technical preparation requires a 
precise approach (see above). 

The positional accuracy of maps is adapted to binding 
topographic groundwork in the Slovak Republic - ZB GIS 
(Primary Base of Geographic Information Systems), ap-
plicable to a scale 1:10,000 and higher (up to detailed 
cadastral maps). 

4.6.1. Lithology 

In the term of presented methodology, the factor of 
geology converted into the index map of lithological 
units, has been considered as one of the most important 
assessed factors. Besides the character of lithology, in the 
landslide susceptibility assessment there has to be taken 
into account a structural characteristic of rock environ-
ment as a complex unit. Spatial distribution of lithologi-
cal types significantly controls the formation and evolu-
tion of slope deformations in the study area. The main 
factors influencing the slope stability are engineering 
geological properties of rocks: physical properties (bulk 
density, permeability) and strength characteristics ex-
pressed by cohesion and angle of internal friction.  

The map of lithological units in assessed area was 
primarily derived from digital geological map at 1:50,000 
scale (Káčer et al., 2005), which has been subsequently 
modified and adjusted to 1:10,000 topography, mainly 
water streams in alluvial basins and valleys. The original 
20 lithological units contained in the source geological 
map were reduced to 9 classes (primary reclassification) 
based on the similarity of the engineering geological 
properties (Fig. 4.2, Tab. 4.2). The largest spatial distri-
bution in the selected area occupy the aeolian sediments 
represented by loess and loess loam (class 7), which are 
distributed in more than 46% of the whole area. 

4.6.2. Geomorphology 

Morphological parameters of georelief (slope angle 
and curvature of the relief) present secondary derivative 
obtained from digital elevation model (DEM) created in 
ArcGIS environment using the interpolation tool (Topo to 
Raster), that interpolates a hydrologically correct raster 
surface from point, line and polygon data. As an input 
data source for DEM creation the contour lines from 
1:10,000 scaled topographic maps were used which have 
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been geo-referenced to S-JTSK coordinate system. The 
final raster of DEM (cell size 5 x 5 m) represents a matrix 
of associated values of altitude with floating point, which 
was reclassified to integer values (discrete intervals) - 
hypsographic levels. Digital elevation model was reclas-
sified into five classes and their spatial distribution is 
given in Fig. 4.2 and Tab. 4.3. The differences in altitudes 
are relatively small, only 180 m, and a bit more than 45% 
of the study area falls within the second class ranging 
from 140 to 180 m a. s. l. 

 
Tab. 4.2 List of reclassified lithological units with ID number 
contained in origin geological map. 

 

Class Description 

1 anthropogenic and organic-fluvial sediments (3, 38) 
2 Holocene fluvial sediments (1, 24, 25) 

3 Holocene proluvial sediments (26) 

4 Pleistocene terraces (4, 5, 11, 28) 

5 slope sediments (18, 20, 40) 

6 outwash sediments (14, 124) 

7 eolian sediments - loess and loess loam (16, 681) 

8 Neogene sediments - predominantly gravels (22, 1721) 

9 Neogene sediments - predominantly clays (23) 

 
Slope angle belongs to the most important geomor-

phological factors, which significantly influences the 
slope stability. Each slope has a threshold value of slope 
angle, beyond which the slope begins to be unstable. In 
the digital form, the slope angle grid represents a matrix 
of values of angles in degrees. In the present study, the 
values of slope angle derived from DEM were reclassi-
fied into 9 classes (Tab. 4.3, Fig. 4.2) in terms of the 
methodology LANDEP (Miklós & Izakovičová, 1997). 
Tab. 4.3 shows that in the studied area dominates first 
class of very flat slopes (slope angle is less than 2°) 
which occupies more than 33% of the whole area. This 
class is characterized by the alluvial plain of the river 
Váh and the area isn’t prone to sliding. Nevertheless, this 
class is relatively important in relation to accumulation 
zones of landslides. The areas, where the landslides are 
more frequent, take more than 53% (classes 5 and 6). 
Slopes with the angle value over the 17° (classes 7, 8, 9) 
occupy very small part - only 1.12% of the assessed area. 

Curvature of the relief is the another geomorphologic 
factor derived from DEM. Curvature factor substantially  
affects the dynamics of the surface water flow over the 
relief (acceleration, convergence and divergence) and 
often is used in assessment of the vulnerability of areas to 
surface water erosion (Hofierka, 2003). Within GIS envi-
ronment is possible to calculate several types of curvature 
(profile, tangential, mean, etc.). The most widely used 
type of curvature which was applied in this study is com-
bination of curvature - combination of profile and plan 
form curvature. While the profile curvature affects the 
flow acceleration (influences on erosion and deposition), 
the plan curvature influences convergence and divergence 
of flow. Considering both kinds of curvatures together 

allows to understand more accurately the flow across 
a surface (www.esri.com, 2014). The resulting raster map 
of curvature of the relief (Fig. 4.2) was reclassified into 
three classes according to Pauditš (2005) and Bednarik 
(2007): convex (positive values), concave (negative val-
ues) and linear (values close to 0 – inflection points). 
During the reclassification process the following intervals 
were used (Pauditš, 2005): less than -0.00025 (concave 
forms); from -0.00025 to 0.00025 (linear forms) and val-
ues more than 0.00025 (convex form). The concave and 
convex relief forms were relatively evenly distributed in 
the assessed area with a slight predominance of convex 
forms (Tab. 4.3).  

4.6.3.  Distance to streams  

Lateral erosion of stream may affect the stability of 
slopes undercutting the landslide toe, reducing the pas-
sive forces acting contra the sliding. At the same time the 
vicinity of a stream leads to increased water saturation of 
the rock environment. 

The distance from the streams determined in the GIS 
environment can be realized using various distance analy-
ses. The simplest way is to determine the two-dimensio-
nal space using Euclidean distance based on the straight-
line distance. The Euclidean distance output raster con-
tains the measured distance from every cell to the nearest 
source - streams. The distances are measured as the crow 
flies (Euclidean distance) in the projection units of the 
raster, such as feet or meters, and are computed from cell 
centre to cell centre. 

The map is represented by grid distance of landslides 
from streams and rills. As a basis for compilation of pa-
rametric map distances to streams, detailed vector map of 
the river network was used. The final raster map was re-
classified into 8 classes. In Tab. 4.3 the interval of the 
distance distribution area of streams is listed, as well as 
the spatial distribution of individual classes and cumula-
tive expression of the distance area. 

The highest percentage occupies the area remote from 
streams in range of 500 to 1,000 m (27.5 km2). As al-
ready mentioned the largest influence on the formation 
and activation of landslides has the lateral erosion of 
streams and then the most important is the area closest to 
streams. All-in-all, within 250 m from streams is almost 
25% of the study area, from which only 3% is up to 50 m. 

4.6.4. Landcover 

The parameter expresses the current land use, with fo-
cus on the character of the vegetation cover. The vegeta-
tion cover affects the slope stability mainly in terms of 
retention of rainfall, different ability of evapotranspira-
tion and also the distribution and depth range of the root 
system. The state of vegetation cover also affects the re-
sistance against erosion, which also partially affects the 
slope stability. The question of the vegetation cover and 
slope stability is thoroughly reviewed in the study of 
Greenway (1987). 



4. Landslide Hazard Assessment Using Spatial…   

  51 

 

  Fig. 4.2 Reclassified input parametric maps. 
 

The map of actual land use was compiled from topo-
graphic raster images (scale 1: 10,000) provided by GKÚ 
in Bratislava. The map of current land use was divided 
into polygon features representing the elements of land-
scape structure and converted to raster format with cell 
size 5 x 5 m (Fig. 4.2). Spatial distribution of current land 
use classes is shown in Tab. 4.3. The case study area be-
tween Hlohovec and Sereď cities is predominantly ex-
ploited for agricultural purposes and therefore the most 
share represent the arable lands; up to 77.5% of the terri-
tory. Slope deformations, however, pose the greatest 
threat to the existing settlement and infrastructure, which 
together occupy 8.19% of the total assessed area. 

 

4.6.5. Landslide inventory map 
 

The landslide inventory map (Fig. 4.3) represents the 
most important input variable in statistical processing of 
landslide hazard analysis, which is compared with all 

parametric maps. It is presented as raster map containing 
dichotomous variable in binary grid form (0/1). 

Within this study the interpretation of landslides in the 
form of lines presenting the main scarp zones (MSUE) was 
applied (Clerici, 2002; Bednarik & Pauditš, 2010). Using 
this form the landslide inventory is better interpreted as the 
entry of the entire landslide bodies including the accumula-
tion zones. If the accumulation zones were included into 
the analysis, which often interfere to stable parts (e.g. allu-
vial plain), the final results would be significantly distorted 
and unreliable (Bednarik & Pauditš, 2010). 

Overall, the slope deformations cover the area of 5.98 
km2 (597.98 ha) of the total area 89.4 km2, so it consti-
tutes 6.68% of the whole assessed area. However, the 
main scarp zones occupy markedly smaller part of the 
area, only 0.29 km2 (0.32% of total area). The landslide 
occurrence in individual classes of input parameters is 
processed and presented in the following sections. 
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Tab. 4.3 Spatial distribution of input parameters. 
 

Factor Class Description

area St [km
2
] area St [%]

lithology 1 anthropogenic and organic-fluvial sediments 0.1413 0,158
2 Holocene fluvial sediments 13,282 14,856
3 Holocene proluvial sediments 0,170 0,190
4 Pleistocene terraces 4,286 4,794
5 slope sediments 9,553 10,685
6 outwash sediments 10,240 11,453
7 eolian sediments - loess and loess loam 41,622 46,555
8 Neogene sediments - predominantly gravels 1,644 1,838
9 Neogene sediments - predominantly clays 8,467 9,471

digital elevation model 1 < 140 10,777 12,054
[m s. l.] 2 140 - 180 40,487 45,286

3 180 - 220 27,176 30,397
4 220 - 260 8,718 9,751
5 > 260 2,247 2,513

slope angle [°] 1 < 2 29,636 33,148
2 2 – 3 12,502 13,984
3 3 – 5 17,747 19,851
4 5 – 7 11,644 13,024
5 7 – 11 11,470 12,830
6 11 – 17 4,658 5,210
7 17 – 20 0,739 0,827
8 20 – 31 0,799 0,893
9 > 31 0,209 0,234

curvature 1 concave 42,928 48,015
2 linear 0,213 0,238
3 convex 46,264 51,747

Euclidean distance 1 0 - 25 2,746 3,072
to stream [m] 2 25 - 50 2,329 2,605

3 50 - 100 4,539 5,076
4 100 - 250 12,854 14,378
5 250 - 500 19,303 21,590
6 500 - 1000 27,508 30,769
7 1000 - 1500 14,342 16,041
8 > 1500 5,783 6,469

actual land use 1 river network 0,132 0,147
2 arable land 69,369 77,591
3 forests 12,574 14,064
4 settlements 6,405 7,165
5 road and railway network 0,924 1,033

Spatial distribution of classes

graphic visualization
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4.7.    Results 

4.7.1.  Bivariate analysis with weighted parameter            

as a whole 

In terms of the methodology presented above, the all 
input parametric maps were analysed separately by statis-
tical comparison with the landslides inventory map: 
lithology vs. landslides; slope angle vs. landslides, etc. 
Fig. 4.4 and Tab. 4.4 show the spatial distribution of 
landslides within classes of each parametric map. The 
mutual comparison resulted in the following findings:  

• The landslides were the most abundant in slope 
sediments and Neogene clay sediments, where almost 
70% of all scarp zones fall. These lithological units        
covered 20% of the whole assessed area. The Neogene 
sediments of clay character are generally considered as 
the sediments susceptible to sliding and to activation of 
slope deformations and landslide spatial distribution in 
study area has confirmed this definitely. More than 25% 
of the landslides were in the outwash sediments and ae-
olian sediments which covered almost 60% of study area. 

• The occurrence of slope deformations is not sig-
nificantly influenced by altitude and they are mostly con-
centrated in lower elevations (up to 220 m). This is 
mainly due to action of streams affecting the slope stabil-

ity by lateral erosion in the past. Most of the landslides - 
70% are in the class within the interval 140-180 m a. s. l. 
which occupies more than 45% of the whole area. Above 
220 m a. s. l. (12% of the area) occur only less than 9% of 
all registered landslides. 

• From a statistical comparison with the map of 
slope angle results that the most critical slopes are in the 
interval from 7° to 17°, where 53% of all landslides are 
located. Maximum occurrence, equalling to 28.6%, is in 
the 6th class with an interval of 11° to 17°. According to 
the classification by Hrašna (1980, in Matula et al., 1983) 
the landslides occurrence is concentrated in the class of 
gentle slopes with moderate slope angle (5° to 17°) where 
more than 61% of landslides are recorded. Steep slopes 
(>17°) occupy only 1.9% of the area but there are recorded 
up to 32.2% of the all scarp zones within this class. 

• Although the relief curvature specifically affects 
the flow of masses on relief, spatial distribution of land-
slides occurrence in the concave and convex forms of 
curvature is nearly the same. Slightly prevalent are the 
convex forms of relief. 

• The landslides occurrence depending on the dis-
tance to streams has been documented mainly in a range 
from 250 to 1,000 m, where 62% of the landslides are 
situated. The landslide occurrence in such a relatively
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  Fig.4.3 Landslide inventory map. 
 

large distance from the stream is given by the width of 
the alluvial plain of the river Váh. Locally this width has 
been reduced (depending on the meandering of the river 
Váh) and within the distance 250 m occur 37% of the 
landslides. 

• The study region is exploited mainly for the agri-
cultural activities. The arable land together with forests 
occupies more than 90% of the study area and the land-
slides predominantly exist in these classes – 96%. Even 
though landslides affect also the settlements, roads and 
railways in relatively high percentage - 4%.  

Based on the landslide density comparison, new nu-
merical values for each class of parameter were assigned 
(secondary reclassification). The highest numerical value 
is given to class which is the most susceptible to land-
slides and the lowest value represents the class with the 
least tendency to sliding. 

Subsequently the weight of each parameter was calcu-
lated according to the above mentioned methodology by 
Vlčko et al. (1980). The results are presented in Tab. 4.4, 
where the values of calculated weights (Wi) are shown 
and subsequently the partial results, sorted by the descen-
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ding weight value. The most significant effect on the for-
mation and activation of slope deformations in the asses-
sed area have the slope angle, actual land use and geo-
logical conditions.  

The result of bivariate statistical analysis is the Land-
slide hazard map (Fig. 4.5) outgoing from the weighted 
summation of secondary reclassified maps. In GIS the 
equation (4.1) has the following form (4.8): 

 

y = "dem_recl_2" * 1.8 * 0.000588312 + "slope_recl_2" * 1 * 0.006583607 + "curv_recl_2" * 3 * 0.000591835 + 
"gl_recl_2" * 1 * 0.001292551 + "vvt_recl_2" * 1.125 * 0.000608825 + "lnduse_recl_2" * 1.8 * 0.001723118       (4.8) 
 

 
 

Fig. 4.4 Graphical view of spatial distribution of landslides within the classes, where: 1l - 9l means classes in lithological parametric 
map; 1dem - 5dem means classes in map of digital elevation model; 1sa – 9sa are classes in parametric map of slope angle; 1c - 3c 
means curvature of relief; 1eds - 7eds are classes of Euclidean distance to stream and 1alu - 5alu are classes of actual land use.  

 
The result of the summation is a continuous interval 

of values <0.0146497; 0.102494>, which represents dif-
ferent degrees of landslide hazard. Generally, the final 
landslide hazard can be reclassified using various meth-
ods into three or five conventional classes. The final map 
was classified based on the method of “Natural breaks – 
Jenks” implemented in GIS into 5 classes with the fol-
lowing intervals: 

1. Very low degree <0.014649742; 0.03807494>; 
2. Low degree <0.03807494; 0.048754074>; 
3. Moderate degree <0.048754074; 0.059777696>; 
4. High degree <0.059777696; 0.075968641> ; 
5. Very high degree <0.075968641; 0.102494232>. 
The natural breaks classes are based on natural group-

ing inherent in the data and normal Gauss distribution 
according the mean values. The features are divided into 
classes whose thresholds are set according to relatively 
biggest difference in the data values (www.esri.com, 
2014). 

Spatial distribution of the landslide hazard classes is 
shown in Tab. 4.5. Very high degree of landslide suscep-
tibility covered almost 3% and together with the class of 
high degree they occupy almost 17% of the assessed area. 
From simple verification, which consisted of comparing 
the areas of existing landslides and classes of very high 
and high degree of the landslide hazard (Tab. 4.5) was 

calculated, that in these two classes exist more than 90% 
of the landslides. 

4.7.2. Multivariate conditional analysis 

As already mentioned, the principle of conditional 
analysis is based on the simultaneous comparison of all 
input parameters as independent variables with a land-
slide inventory map. The output of the analysis of statisti-
cal processing in GIS environment represents the 6,648 
possible combinations of input parameters, the quasi-
homogenous units (UCUs). After the statistical compari-
son with landslides, 655 of UCUs were affected by land-
slides and the rest 5,993 combinations, the landslides 
have not been present.  

Tab 4.6 shows an example of the output of the statis-
tical combinations. The numbers within the first column 
represent the classes of input parameters in the following 
order: lithology – actual land use – distance to stream – 
curvature of relief – slope angle – digital elevation model. 
The second column of the table contains the number of 
cells (count) of the UCUs (Npix) and in the third column 
are the cells of the UCUs containing the landslides 
Npix(MSUE). The fourth column represents the density of 
the landslides (D) for each UCU calculated based on the 
ratio of the UCU count containing landslides and count of 
the total number of cells expressed in per mille (‰).
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Fig. 4.5 Landslide susceptibility map created by bivariate statistical analysis. 

 



4. Landslide Hazard Assessment Using Spatial…   

  57 

 

The last column (susc.5) gives the degree of landslide 
susceptibility of the individual UCU. The comparison of 
the count of the UCUs with landslides in the whole study 
area and count of these MSUEs which are only contained 
within the 5th class of the landslide hazard, are given in 
Tab. 4.7. 

Based on the Tab. 4.6 and Tab. 4.7 the following facts 
have resulted. The landslides occur mainly in the forma-
tion of slope sediments where there were recorded 231 
combinations with landslides (from the overall 655) and 
the second class with the relative high frequency of land-
slides is linked to the class of the Neogene clay deposits. 
It means that these categories are mostly affected by slid-
ing, which is in accord with the results of the bivariate 
analysis. The classes of the Holocene fluvial and prolu-
vial sediments (2 and 3) are not influenced by landslides.  

The second place in the first column belongs to the 
actual land use. Regarding the agriculture exploitation of 
the study region the most affected areas are the forests 
and arable land.  
 
Tab. 4.5 Spatial distribution of classes of the landslide hazard 
and spatial distribution of landslides within the landslide hazard 
classes. 

 

Spatial distribution 
of classes 

Class Landslide 
hazard 
degree 

[km2] [%] 

Spatial distribu-
tion of landslides 

within the 
classes [%] 

1 very low 30.83 34.48 0.74 

2 low 23.39 26.16 2.544 

3 moderate 20.02 22.39 6.334 

4 high 12.74 14.25 31.25 

5 very high 2.44 2.72 59.14 

 
Tab. 4.6 An example of multivariate statistical analysis results. 

 

UCU Npix Npix(MSUE) D susc. 5 

9.3.3.3.6.2 39 25 641.03 5 
5.3.5.1.9.2 191 48 251.31 5 

9.3.5.3.5.3 780 12 15.38 5 

5.2.6.1.5.2 2884 38 13.18 4 

9.2.6.1.5.3 7301 94 12.87 4 

9.4.5.1.6.2 196 2 10.20 4 

5.2.6.1.6.3 2486 25 10.06 4 

9.3.4.1.5.2 101 1 9.90 3 

9.2.6.3.5.4 4563 45 9.86 3 

5.2.6.3.6.4 411 4 9.73 3 

7.2.6.3.3.2 18982 76 4.00 2 

9.2.5.1.2.3 259 1 3.86 2 

9.3.3.3.8.2 261 1 3.83 2 

9.2.6.3.4.4 1836 6 3.27 1 

5.2.6.3.3.3 7645 24 3.14 1 

9.2.6.1.2.4 340 1 2.94 1 

5.2.6.1.1.3 2055 1 0 1 

9.2.5.1.3.2 2634 1 0 1 

9.2.5.1.5.2 2762 1 0 1 
 

Tab. 4.7 The comparison of the count of the UCUs with land-
slides in the whole area and count of the UCUs with land-
slides contained only within the 5th class of the landslide haz-
ard.  

 Parameter Class Count 
Npix(MSUE) 

Count 
Npix(MSUE) 

in 5th class of 
landslide hazard 

 1 0 0 
2 0 0 

3 0 0 

4 57 52 

5 231 171 

6 144 122 

7 84 55 

8 13 6 

lithology 

9 126 75 

1 0 0 

2 209 85 

3 354 315 

4 56 47 

land use 

5 36 34 

1 23 23 

2 43 41 

3 83 76 

4 133 108 

5 209 146 

6 164 87 

7 0 0 

distance to 
stream 

8 0 0 

1 351 208 

2 2 2 curvature 

3 302 271 

1 18 9 

2 23 8 

3 50 22 

4 86 45 

5 154 111 

6 143 116 

7 86 81 

8 74 70 

slope angle 

9 21 19 

1 148 140 

2 394 298 

3 86 39 

4 27 4 

DEM 

5 0 0 

 
Another important factor influencing the slope stabil-

ity is the slope angle. From statistical combination results 
that the dominating are the slopes with angles from 7° to 
17°, predominantly in combination with lithological 
classes 5 and 9. These results are very similar to those of 
the bivariate analysis. The final map (Fig. 4.6) was di-
vided into 5 classes with the following intervals: 
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  Fig. 4.6 Landslide hazard map created by multivariate conditional statistical analysis. 
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1. Very low degree <0.0; 1.322 >; 
2. Low degree <1.322; 2.646>; 
3. Moderate degree <2.646; 3.966>; 
4. High degree <3.966; 5.288> ; 
5. Very high degree > 5.288. 
The average intensity of the landslide occurrence Md 

in the study area is 3.307‰ and based on the equation 4.7 
the class interval Ci is 1.322. Due to elimination of ran-
dom and technical errors the first interval was assigned to 
the UCUs without registered landslides – very low degree 
(5 993 UCUs). Spatial distribution of the landslide hazard 
classes is given in Tab. 4.8 along with the comparison of 
the areas of the existing landslides and classes of very 
high and high degree of the landslide hazard. In these two 
classes are almost 90% of the existing landslides. 
 
Tab. 4.8 Spatial distribution of classes in the landslide hazard 
and spatial distribution of landslides within the landslide hazard 
classes. 

 

Spatial  
distribution 
of classes 

Class Landslide 
susceptibi-
lity degree 

[km2] [%] 

Spatial distribu-
tion of landslides 

within the 
classes [%] 

1 very low 80.85 90.43 3.66 
2 low 2.52 2.81 3.97 

3 moderate 1.05 1.17 2.98 

4 high 1.50 1.68 5.91 

5 very high 3.49 3.90 83.48 

4.7.3. Comparison of the results of multivariate and 

bivariate analyses 

From the results of both used statistical analyses 
(multivariate conditional and bivariate) the most unfa-
vourable conditions of slope movements have been iden-
tified. The landslides occur mostly in the slope and Neo-
gene clays sediments in forests and arable land with slope 
angle 7°-17° at an altitude 140-180 m a. s. l. The compre-
hensive assessment of the most and the least susceptibil-
ity categories of each parameter of study area is given in 
Tab. 4.9.  

The most stable areas are in the Holocene fluvial and 
proluvial sediments which are situated close to streams 
(alluvial planes). Although the least susceptible catego-
ries of parameters distance to streams and digital eleva-
tion model are just in the areas where these lithological 
units are absent, this has been confirmed by the interpre-
tation of the landslide geometry which entered to the 
process of statistical assessment. To the process of sus-
ceptibility assessment only the main scarp zones of land-
slides have been considered. There were not assessed the 
whole landslide bodies, because their accumulation parts 
interfere with these areas, which are stable in term of land-
slides activation; otherwise the results would be distorted. 

Comparison of the spatial distribution of the landslide 
hazard classes created by different statistical methods is 
shown in Tab. 4.10 where the spatial distribution of land-
slides within the classes is also presented. Differences in 

the values represent various approaches in the used meth-
odologies; any of them does not vary so much to identify 
result as diametrically different. The most reliable is con-
sidered the result of conditional multivariate analysis.  

Within the verification process, the very high and 
high levels of landslide hazard are compared with the        
registered landslides. According to this assumption it can 
be stated that the difference between the multivariate and 
bivariate statistical analyses is only 1%. In the case of 
multivariate statistical analysis the 5th class is almost 25% 
higher than the 5th class of the bivariate analysis. First 
three classes are evenly distributed in both cases. 

4.8. Discussion 

All the mentioned procedures are time-consuming. In 
order to achieve the highest quality and most accurate 
results, the most time should be paid to preparation of the 
input parameter maps. This phase is the most sensitive to 
generate errors in the whole process, because these kinds 
of errors would be transmitted to the next steps of the 
assessment and negatively affect the result. Reliability of 
the results depends mainly on the precise approach to the 
preparation of input data.  

4.8.1. Results comparison obtained from presented 

statistical methods  

Based on the results obtained from both presented sta-
tistical methods it can be concluded that the mutual com-
parison shows a small advantage of multivariate condi-
tional method compared to bivariate analysis with the 
application of weights, where some corrections are neces-
sary and they are affected by high subjectivity and ex-
perience of the researcher. 

Preference of conditional multivariate analysis rests in 
the principle of simultaneous use of all input parameters. 
The method works primarily with larger data set (more 
complex data file) and reflects the interactions between 
input parameters more sensitively. It is also more appro-
priate, because it better reflects the degree of influence of 
the main factors on the landslide hazard (geological set-
ting, lithology, morphometric parameters). The map cre-
ated by the multivariate analysis divides the area in more 
detail and the borders between zones are more sensitive 
to local spatial changes in natural conditions of the area, 
as in the case of the bivariate analysis. The sensitivity 
threshold follows from the character of the multivariate 
analysis (working with a quantity and variability of mu-
tual combinations of parametric maps), but also depends 
on the precise approach to the final susceptibility zoning. 

Another advantage of the multivariate method is rela-
tively less-demanding on technical and time-consuming 
computers operations. The exception is the final reclassi-
fication into five susceptibility zones associated with the 
operation in relational databases and subsequent back-
ward import of the result into the GIS environment. The 
intensity of operations depends on size of processed area 
that is directly proportional to the number of cells in the
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Tab. 4.9 The assessment of the most and the least susceptible classes of each parameter. 

Input parameter The most susceptible category The least susceptible category 

slope angle  5, 6 (7°-17°) 1, 2 (< 2°) 
actual land use  2, 3 (arable land; forests) 1 (rivers) 

lithology 5, 9 (slope sediments; Neogene clays) 1, 2, 3 (anthropogenic; Holocene sediments) 

distance to stream 5 (250-500 m) 7, 8 (>1000 m) 

curvature 1 (concave) 2 (linear) 

DEM 2 (140-180 m a. s. l.) 5 (> 260 m a. s. l.) 

 
Tab. 4.10 The comparison of results of multivariate and bivariate analysis. 

 
 

area, which determines number of records in a database 
table. These time-consuming operations are not auto-
matic, the interactive input of a project researcher is not 
required, and therefore the process is less prone to the 
creating of random errors, in contrast to the lengthy and 
laborious calculation of the weights by the bivariate 
analysis. 

In the case of the bivariate analysis the major problem 
is the calculation of weights. The paper presents a method 
based on the degree of entropy of the system, represented 
by the parametric map, where the components of the sys-
tem are represented by calculated value of intensity of 
landslide occurrence in each class of parametric maps. 
Despite complying with the methodology, the result does 
not sufficiently reflect objective reality and the suscepti-
bility map compiled by the bivariate analysis without 
subsequent subjective modification of weights is not pos-
sible to recommend in future. 

For future processing with statistical methods for 
landslide susceptibility assessment in GIS environment, 
we recommend the use of conditional multivariate 
analysis. This sophisticated methodology could be also 
binding in the future and included in the wording of the 
amended Directive for the compilation of landslide sus-
ceptibility maps of the Slovak Republic, as one of the 
possible and useful exact methods of the landslide haz-
ard assessment. 

4.8.2. Comparison of the presented methodology with 

existing empirical approaches 

Regarding the assessment of principal advantages (or 
disadvantages) of statistical methods of the landslide haz-
ard analysis using GIS compared to commonly used em-
pirical methods, the following facts can be clearly stated: 

• advantage of quantitative statistical approaches 
compared to the geotechnical model, for example, based 
on the analysis on physico-mechanical properties, is better 
availability of input data. Their obtaining is not so techni-
cally and financially demanding as for the required amount 
of physical parameters; this fact exactly favours the use           
of statistical methods in wide areas in regional scales; 

• providing that the all of the above mentioned prin-
ciples and rules will be adopted, the statistical methods 
allow for more complex results in GIS. This way, in the 
landslide hazard analysis those exact parameters could be 
included that have not been assessed only visually and 
empirically within standard approach (e.g. slope angle), 
respectively they have not been rated at all (average rain-
fall, slope length, etc.); 

• vulnerability of both statistical methods is mainly 
in the accuracy of the input data: maps of varying quality 
from different sources, scales and coordinate systems, 
transformation and correlation issues, and as already 
mentioned a subjective approach to the precision within 
the preparation of parametric maps; all of these items 
highly influence the final results; 

• despite the comprehensive approach to the data 
preparation, the mentioned processes are susceptible to 
the random and systematic errors generated mainly due to 
their complexity; 

• the possibility of a subjective approach of these 
methods shall be limited to the selection of input parame-
ters, selection rules for the first reclassification of para-
metric maps, selection of statistical methods and finally, 
the control and correction of partial results (especially in 
bivariate analysis), compared to the classical heuristic 
method, where the individual approach and expertise of 
researcher has been applied more significantly especially 
within the compilation of final maps.  

Spatial distribution of classes Spatial distribution of landslides 
within the classes 

Class Landslide hazard 
degree 

bivariate analysis  
[%] 

multivariate analysis 
[%] 

bivariate analysis 
[%] 

multivariate analysis 
[%] 

1 very low 34.48 90.44 0.74 3.66 

2 low 26.16 2.81 2.54 3.97 

3 moderate 22.39 1.17 6.33 2.98 

4 high 14.25 1.68 31.25 5.91 

5 very high 2.72 3.90 59.14 83.48 
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4.8.3. Evaluation of the usability of presented methods 

and perspective of its utilization in future 

The perspectives of the use of the presented methods 
for predicting landslide hazard are quite promising. In 
Slovakia, the creation of landslide susceptibility maps at a 
scale of 1:50,000 is part of the set of “Maps of the 
Environmental Geofactors” (Directive of MoE SR, 1999).  
After a successful pilot project of detailed landslide map-
ping and landslide hazard assessment at detailed scale 
realized in the Flysch Formation (Grman et al., 2011) real 
assumption of the project extension to the other part of 
Slovakia is arising. Therefore, it is necessary to prepare 
the binding methodology for creating these maps 
supported by the use of modern information technologies 
based on GIS.  

Currently, the use of GIS technology has been more 
intensely applied in geological practice in Slovakia. 
Legislative and technical aspects of the use of GIS are 
regulated mainly by several directives of INSPIRE, as 
well as outdated Directive of MoE SR published in 
2000, which obliges the researchers of geo-environ-
mental projects to submit the resultant data in digital 
form in the GIS format. 

4.9.  Conclusions 

In the paper the compilation of the landslide hazard 
map using statistical methods in GIS and implementation 
of these methods in the model area Hlohovec - Sereď is 
presented. Two, in the world most widely used quantita-
tive statistical methods are used: the bivariate method 
using the weights of input variables and the multivariate 
conditional analysis. The weighting method takes into 
account the weights of input parameters as a whole based 
on the entropy of the system where individual compo-
nents are represented by parameter classes (categories). 

Statistical approaches are based on the assumption 
that landslides will occur preferably under the same con-
ditions, as they occurred in the past and at present. The 
processed results are based on a statistical comparison of 
input parameter maps, representing relevant input factors, 
with a landslides inventory map. 

Based on the evaluation of methodology and results 
obtained in the present study, the application of the con-
ditional multivariate analysis has been recommended for 
the future reference and for its implementation in the 
binding methodology. The advantages are mainly in con-
sidering the interactions between input factors; a lower 
degree of subjectivity (as well as lower susceptibility to 
generation of random errors) in the assessment of input 
factors, working with the complex data sets and a higher 
sensitivity of the final map to local changes in conditions 
in the study area. Despite the possibility of the weighting 
of each input parameter in the process of bivariate analy-
sis (compared with multivariate analysis) the disadvan-
tages represent mainly the impossibility of interactions 
correction between input parameters and their calculated 
weights as well as improper modification of partial re-

sults. On the other hand, the possibility of correction of 
partial results allows better application of individual         
approach and the researcher's expertise. 

Presented methods are conceptually simple; but their 
application is quite complicated and requires a lot of ex-
perience, especially with the use of computer technology 
and geo-informatics. Compared with previously used em-
pirical processes, the applied methods are more exact and 
generally less burdened by subjective approach.  

Application of the present methodology and tech-
niques in the landslide hazard assessment in standard 
practice is promising. However, some improvements are 
necessary, especially in to current legislation, which 
should respond to the implementation of geoinformation 
technologies in professional practice. 

 
Acknowledgments: This work was supported by the 
Slovak Research and Development Agency under the 
contracts No. APVV-0641-10, APVV-0330-10 and 
APVV-0129-12. 

References 

Aleotti, P. & Chowdhury, R., 1999: Landslide Hazard Assess-
ment: Summary review and new perspectives. Bulletin of 
Engineering Geology and Environment, 58, 1, p. 21-44. 

Arcgis resources, 2014: [online]. [cit. 26. 04. 2014]. Available at: 
http://blogs.esri.com/esri/arcgis/2010/10/27/understanding-
curvature-rasters/> 

Atkinson, P. M. & Massari, R., 1998: Generalized linear model-
ling of susceptibility to landsliding in the Central Apenni-
nes, Italy. Computers and Geosciences, 24, 4, 373-385. 

Bednarik, M., 2007: Hodnotenie zosuvného rizika pre potreby 
územnoplánovacej dokumentácie. (Landslide risk assess-
ment for urban planning). Phd Thesis. Bratislava: FNS CU, 
130 p. (In Slovak). 

Bednarik, M. & Liščák, P., 2010: Landslide susceptibility asses-
sment in Slovakia. Miner. Slov., Vol. 42, No. 2, p. 193-204.  

Bednarik, M. & Pauditš, P., 2010: Different ways of landslide 
geometry interpretation in a process of statistical landslide 
susceptibility and hazard assessment: Horná Súča (western 
Slovakia) case study. Environmental Earth Sciences, 61, 4, 
p. 733-739. 

Bednarik, M., Clerici, A., Tellini, C. & Vescovi, P., 2005:   
Using GIS GRASS in Evaluation of Landslide Susceptibil-
ity in Termina Valley in the Northern Apennines (Italy). In: 
Moser, M. (ed.): Proceedings of the Conference on Engi-
neering Geology: Forum for Young Engineering Geologists, 
Fridrich-Alexander-University of Erlangen-Nurnberg, DGGT 
Erlangen - Nurnberg, p. 19-24. 

Bivand, R. S., 2000: Using the R statistical data analysis lan-
guage on GRASS 5.0 GIS database files. Computers & 
Geosciences, 26, 9-10, p. 1034-1052. 

Carrara, A., 1983: Multivariate models for landslide hazard 
evaluation. Mathematical Geology, 15, 3, p. 403-427. 

Carrara, A., 1988: Landslide hazard mapping by statistical 
method: A „Black Box“ approach. In: Proceedings of work-
shop on natural disasters in European Mediterranean coun-
tries, Conzilio nazionale delle richerche, Perugia, Italy,       
p. 205 - 224. 

Carrara, A., Cardinali, M., Detti, R., Guzzetti, F., Pasqui, V., 
Reichenbach, P., 1990: Geographical information systems 
and multivariate models in landslide hazard evaluation. In: 
ALPS 90 (Alpine Landslide Practical Seminar) Proceedings 



 

 

 

Slovak Geol. Mag., 14, 1 (2014), 41 – 63 

62 

of the 6th International Conference and Field Workshop on 
Landslide. Universita degli Studi de Milano, Italy, p. 17-28. 

Carrara, A., Cardinali, M., Detti, R., Guzzetti, F., Pasqui, V., 
Reichenbach, P., 1991: GIS techniques and statistical mod-
els in evaluating landslide hazard. Earth Surface Processes 
and Landforms, 16, 5, p. 427-445. 

Carrara, A., Cardinali, M., Guzzetti, F., Reichenbach, P., 1995: 
GIS-based techniques for mapping landslide hazard. [online]. 
[cit. 26. 04. 2014]. Available at: CNR-CIOC Bologna, CNR-
IRPI Perugia: <http://deisl58.deis.unibo.it/gis/chapto.htm.> 

Clarke, K. C., 1999: Getting started with Geographic Informa-
tion Systems. Prentice Hall Upper Saddle River, 338 p. 

Clerici, A., 2002: A GRASS GIS based shell script for landslide 
susceptibility zonation by the conditional analysis method. 
In: Ciolli, M. & Zatelli, P. (eds.): Proceedings of the Open 
source GIS - GRASS users conference, Trento, Italy. P. 1-17. 

Directive of MoE SR No. 3/99-3 on compilation of engineering 
geological maps at scale 1:50,000. Vestník MŽP SR, 7, 6,  
p. 36-71. (In Slovak). 

Directive of MoE SR No. 2/2000 on principles of projects proc-
essing and report submitting in GIS Vestník MŽP SR, 8, 2, 
p. 35-41. (In Slovak). 

Donati, L. & Turrini, M. C., 2002: An objective method to rank 
the importance of the factors predisposing to landslides with 
the GIS methodology: application to an area of the Apenni-
nes (Valnerina; Perugia, Italy). Engineering Geology, 63, 3, 
p. 277-289. 

Drdoš, J., 1992: Prírodné prostredie: zdroje - potenciály - únos-
nosť - hazardy - riziká. (Natural environment: sources – po-
tentials – capacity – hazards – risks). Geografický časopis, 
44, 1, p. 30-39. (In Slovak). 

Grman, D., Boszáková, M., Magdošková, M., Takáč, P., 
Wanieková, D., Žec, B., Balážová, R., Hajduková, J., Sy-
čev, V., Udič, M., Stercz, M., Žurbej, J., Bednarik, M., 
Laho, M., Liščák, P., Páleník, Mil., Páleník, Mich., Sluka, 
V., Smolka, J., Smolka, M., Šimeková, J., Farkašovský, R., 
Jacko, S., Janočko, J., 2011: Inžinierskogeologické mapo-
vanie svahových deformácií v najohrozenejších územiach 
flyšového pásma v M 1:10 000, orientačný inžiniersko-
geologický prieskum. (Engineering geological mapping of 
slope deformations in the most threatened territories of the 
Flysch Zone). ZS, GEO Slovakia, Košice. (In Slovak). 

Greenway, D. R., 1987: Vegetation and slope stability. In: 
Anderson, M. & Richards, K. (eds.): Slope Stability, John 
Wiley & Sons Ltd., p. 187-229. 

Gupta, R. & Joshi, B. C., 1990: Landslide hazard zoning using 
the GIS approach - A case study from the Ramganga catch-
ment, Himalayas. Engineering Geology, Vol. 28, No. 1-2,  
p. 119-131. 

Guzzetti, F., Carrara, A., Cardinali, M. & Reichenbach, P., 
1999: Landslide hazard evaluation: A review of current 
techniques and their application in a multi-case study, cen-
tral Italy. Geomorphology, Vol. 31, No. 1-4, p. 181-216. 

Hofierka, J., 2003: Geografické informačné systémy a diaľkový 
prieskum Zeme. (Geographic information systems and re-
mote sensing). (Textbook). Prešovská Univerzita. Fakulta 
humanitných a prírodných vied. VŠ učebné texty, 116 p. (In 
Slovak). 

Holec, J., Bednarik, M., Sabo, M., Minár, J., Yilmaz I. & Mar-
schalko, M., 2013: A small-scale landslide susceptibility  
assessment for the territory of Western Carpathians. Natural 
Hazards, Vol. 69, No. 1, p. 1081-1107. 

Chung, C., Fabri, A. G. & Van Westen, C. J., 1995: Multiva-
riate regression analysis for landslide hazard zonation. In: 
Carrara, A. & Guzetti, F. (eds.): Geographical  Information 
Systems in Assessing Natural Hazards, Kluwer Academic 
Publishers, Dordrecht, The Netherlands, p. 107-142. 

Iglárová, Ľ., Klukanová, A., Wagner, P., Hrašna, M., Cipciar, 
A., Frankovská, J., Mikita, S., Bajtoš, P., Smolárová, H., 
Gluch, G., Vlčko, J., Bodiš, D., Ondrášik, M., Ondrejka, P., 
Liščák, P., Pauditš, P., Petro, Ľ., Dananaj, I., Hagara, R., 
Moczo, P., Labák, P., Kristeková, M., Ferianc, D., Vanko, 
J., Kováčiková, M., Záhorová, Ľ., Matys, M., Gajdoš, V., 
Masarovičová, M., Slávik, I., Vybíral, V., Rapant, S., Brček, 
M., Greif, V., Kordík, J. & Slaninka, I., 2011: Čiastkový 
monitorovací systém – geologické faktory, správa za obdo-
bie 2002 – 2009, záverečná správa. (Partial monitoring         
system - Geological Hazards, Final report). Manuskript.           
Archív MŽP SR - ŠGÚDŠ, Bratislava. (In Slovak). 

Irigaray, C. & Chacón, J., 1996: Methodology for the analysis 
of landslide determinant factors by means of a GIS: Appli-
cation to the Colmenar area (Malaga, Spain). In: Chacón, J., 
Irigaray, C., & Fernändez, T. (eds.): Proceedings of the 8th 
ICFL’96, Madrid, Balkema, Rotterdam, p. 163-171. 

Jäger, S. & Wieczorek, G. F., 1994: Landslide susceptibility in 
the Tully Valley area, Finger Lakes region, New York. 
USGS Open-File-Report, p. 94-615. 

Joshi, J., Majtán, Š. & Omura, H., 1997: Debris flow disaster in 
Harihara, Japan. Acta Geologica Universitatis Comeniane, 
52, p. 59-60. 

Jurko, J., 2003: Mapa náchylnosti územia Liptovskej kotliny na 
zosúvanie. Landslide susceptibility map of Liptovská kot-
lina basin. Diploma Thesis.  FNS CU Bratislava, 47 p. 

Jurko, J., Pauditš, P., Vlčko, J., 2005: Landslide susceptibility 
zonation using GIS statistical approach. In: Proceedings of 
the International Symposium on Latest natural disasters, 
new challenges for engineering geology, geotechnics and 
civil protection, Sofia, p. 1-7. 

Káčer, Š., Antalík, M., Lexa, J., Zvara, I., Fritzman, R.,           
Vlachovič, J., Bystrická, G., Brodianska, M., Potfaj, M., 
Madarás, J., Nagy, J., Maglay, J., Ivanička, J., Gross, P., 
Rakús, M., Vozárová, A., Buček, S., Boorová, D., Šimon, 
L., Mello, J., Polák, M., Bezák, V., Hók, J., Teťák, F., 
Konečný, V., Kučera, M., Žec, B., Elečko, M., Hraško, Ľ., 
Kováčik, M. & Pristaš, J., 2005: Digital geological map of 
the Slovak Republic at scale 1:50,000. Bratislava: MŽP SR, 
ŠGÚDŠ. (In Slovak). 

Kováčik, M., 1996: Mapa relatívnej náchylnosti územia k zosú-
vaniu v mierke 1 : 50 000. Metodika zostavenia mapy. (Map 
of relative susceptibility to landsliding. Methodology).          
Bratislava: Geologická služba Slovenskej republiky. (In 
Slovak). 

Magulová, B., 2009: Použitie GIS pre tvorbu máp geohazardov 
ako podkladov pre urbanizačné plánovanie. (Using GIS for 
creation of geohazards map as a base for landuse plan-
ning). Acta Geologica Slovaca (AGEOS), Vol. 1, No. 1, p. 
25-32. (In Slovak). 

Matula, M., Ondrášik, R., Holzer, R., Wagner, P., Hrašna, M. & 
Letko, V., 1983: Metódy inžinierskogeologického výskumu. 
(Methods of engineering geological research). Textbook. 
VŠ skriptá. Bratislava: PRIF UK, 223 p. (In Slovak). 

Matula, M., 1995: Geológia v územnom plánovaní a výstavbe. 
(Geology for spatial planning and development). Bratislava: 
Príroda, 213 p. (In Slovak). 

Matula, M., Holzer, R., Hrašna, M., Hvánková, A., Letko, V., 
Ondrášik, R., Vlčko, J., & Wagner, P., 1989: Atlas inžinier-
skogeologických máp SSR v mierke 1 : 200 000. (Atlas of 
engineering geological maps at scale 1:200,000). Súbor 12 
mapových listov. Bratislava: Katedra inžinierskej geológie 
PRIF UK, SGÚ a GÚDŠ. (In Slovak). 

Michalík, Ľ., 2010: ZB GIS referenčný základ národnej in-
fraštruktúry priestorových informácií. (ZB GIS – Reference 
basis for National Spatial Data Infrastructure). In: Kopáčik, 
A. & Lipták, I. (eds.): Zborník referátov z konferencie: 18. 



4. Landslide Hazard Assessment Using Spatial…   

  63 

 

Geodetické dni, Žilina. Bratislava: Komora geodetov a kar-
tografov, (In Slovak). 

Miklós, L. & Izakovičová, Z., 1997: Krajina ako geosystém. 
(Landscape as Geosystem). Bratislava: Veda, Vydav. SAV, 
152 p. (In Slovak). 

Minár, J. & Tremboš, P., 1994: Prírodné hazardy – hrozby, nie-
ktoré postupy ich hodnotenia  (Natural Hazards - Some 
Proceedings of Their Evaluation). Acta Facultatis Rerum 
Naturalium Universitatis Comenianae, Geographica, No. 35, 
1994, Fig. 2, Tab 25, Ref. 32, p. 175-194. (In Slovak). 

Nemčok, A., Pašek, J. & Rybář, J., 1974: Delení svahových 
pohybů (Division of slope movements). In: Sbor. Geol. Věd, 
HIG, Praha, 77-97. (In Czech). 

Neteler, M. & Mitášová, H., 2008: Open Source GIS: a GRASS 
GIS approach. 3rd edition, Springer, New York, 406 p. 

Ondrášik, R. & Gajdoš, V., 2001: Geologické riziká a ich hod-
notenie v projektovej príprave. (Geological risks and their 
pre-design assessment). Miner. Slov., Vol. 33, No. 4, p. 361-
368. (In Slovak). 

Pauditš, P., 2005: Hodnotenie náchylnosti územia na zosúvanie         
s využitím štatistických metód v prostredí GIS. (Landslide 
susceptibility assessment using statistical methods within 
GIS). PhD. Thesis, Bratislava: FNS CU, 153 p. (In Slovak). 

Pauditš, P., 2006: Hodnotenie náchylnosti územia na zosúvanie 
s využitím štatistických metód v prostredí GIS. (Landslide 
susceptibility assessment using statistical methods within 
GIS). Geol. Práce, Spr. 112, Bratislava: ŠGÚDŠ, p. 41-58. (In 
Slovak). 

Pauditš, P. & Bednarik, M., 2002: Using GRASS in evaluation 
of landslide susceptibility in Handlovská kotlina Basin. In: 
Ciolli, M. & Zatelli, P. (eds.): Proceedings of the Open 
source GIS - GRASS user’s conference 2002, Trento, Italy.  

Pauditš, P., Vlčko, J. & Jurko, J., 2005: Využívanie štatistic-
kých metód pri hodnotení náchylnosti územia na zosúvanie. 
Statistical methods in landslide hazard assessment. Miner. 
Slov., Vol. 37, No. 4, p. 529-538. 

Petrýdesová, L., 2012:  Hodnotenie zosuvného hazardu v mode-
lovom území Hlohovec - Sereď. (Landslide hazard assess-
ment of selected area Hlohovec - Sereď). Phd Thesis. Brati-
slava: FNS CU, 2012, 206 p. 

Shapiro, M. & Westervelt, J., 1992: r.mapcalc. An Algebra for 
GIS and Image Processing. U.S. Army CERL, Champaign, 
Illinois, U.S.A., 422-425. 

Süzen, M. L. & Doyuran, V., 2004: A comparison of the GIS 
based landslide susceptibility assessment methods: multi-
variate versus bivariate. Environmental Geology, Vol. 45, 
No. 5, p. 665-679. 

Tuček, J., 1998: Geografické informačné systémy. Princípy a 
praxe. (Geographic Information Systems. Principles and 
Practice). Praha: Computer Press, 424 p. (In Czech). 

Van Westen, C. J., 1993: GISSIZ - Training Package for Geo-
graphic Information Systems in Slope Instability Zonation. 
Part 1: Theory. UNESCO – International Institute for Aero-
space Survey and Earth Sciences (ITC). Project on Geo-
Information for environmentally Sound Management of of 
Natural Resources (ITC Publication No. 15). Application of 
Geographic Information Systems to Landslide Hazard 
Zonation. 

Van Westen, C. J., Van Duren, I., Kruse, H. M. G., Terlien, M. 
T. J., 1993: GISSIZ - Training Package for Geographic In-
formation Systems in Slope Instability Zonation. Part 2:  
Exercises. UNESCO – International Institute for Aerospace 
Survey and Earth Sciences (ITC). Project on Geo-Infor-
mation for environmentally Sound Management of Natural 
Resources (ITC Publication No. 15). Application of Geo-
graphic Information Systems to Landslide Hazard Zonation. 

Varnes, D. J., 1984: Landslide hazard zonation: a review of 
principles and practice. Natural hazards, 3, Paris: UNESCO, 
63 p. 

Vlčko, J., Wagner, P., Rychlíková, Z., 1980: Spôsob hodnotenia 
stability svahov väčších územných celkov. (Method to slope 
stability estimation in case of larger territorial units).         
Miner. Slov., 12, 3, p. 275-283. (In Slovak). 



 

 

 

Slovak Geol. Mag., 14, 1 (2014), 41 – 63 

64 

 



Slovak Geol. Mag., 14, 1 (2014), 65 – 78 

 

5. A Large-Scale Landslide Hazard Assessment within the Flysch             

Formation in the Slovak Republic 

 
MARTIN BEDNARIK

1, JÚLIA ŠIMEKOVÁ
2, BRANISLAV ŽEC

2, DUŠAN GRMAN
3
 and MARCELA BOSZÁKOVÁ

3
  

 
 

1Comenius University, Faculty of Natural Sciences, Department of Engineering Geology, Mlynská dolina,  
842 15, Bratislava, Slovak Republic 

2State Geological Institute of Dionýz Štúr, Mlynská dolina 1, 817 04 Bratislava, Slovak Republic 
3GEO Slovakia,  s. r.o., Rampová 4, 040 01 Košice, Slovak Republic 

 

 
Abstract. The article presents the main results of the project 
"Engineering geological mapping of slope deformations in the 
most vulnerable areas within the Flysch Formation at a scale 
1:10,000”, consisting of three kinds of maps, data sheets (pass-
ports) of slope deformations and final report. The focus is on the 
methodology for the creation of landslide hazard maps and as-
sessment of landslide hazard in the restricted area of Flysch 
Zone in the northern and northeastern part of Slovakia. The 
selected area is characterized by a high density of slope failures; 
it is periodically affected also by floods accompanied with the 
activation of slope deformations, particularly landslides and 
earth flows, due to impact of adverse climatic conditions. 

Key words: landslides, landslide hazard, Flysch Formation, 
Slovakia 

5.1.  Introduction 

During the years 2005-2011 geological project "Engi-
neering geological mapping of slope deformations in the 
most vulnerable areas within the Flysch Formation at a 
scale 1:10,000“ was realized in Slovakia, ordered by the 
Ministry of Environment SR (MoE) (Grman et al., 2011). 
The project was solved by team of researchers from the 
following organizations: GEO Slovakia, Ltd., Košice, 
GEOTREND, Ltd., Žilina, Faculty of Natural Sciences, 
Comenius University in Bratislava, Slovak University of 
Technology in Bratislava, Technical University in Košice 
and SGIDŠ in Bratislava. The project was generated by 
the society-wide necessity in the context of increased 
negative consequences of repeated activation of slope 
deformations. 

The main outputs are defined below:  
• Specialized engineering geological map at scale 

1:10,000  
• Map of documentary points at scale 1:10,000  
• Landslide hazard map at scale 1:10,000  
• Data sheets (passports) of slope deformations. 
This article is focused primarily on the landslide hazard 

maps that are pioneering work by their mapping scope and 
used methodology. In the area studied they represent a sig-
nificant update of Atlas of Slope Stability of Slovakia

at a Scale 1:50,000 (Šimeková et al., 2006) and also com-
pensate deficiencies of "Atlas", resulting from used scale 
and follow the experience in creating maps of the landslide 
hazard in smaller scales (Liščák et al., 2009, Bednarik & 
Liščák, 2010). 

The landslide hazard presents probability of occur-
rence of the landslide phenomenon within the space. The 
output of the project are prognosing landslide hazard 
maps, which now represent a suitable basis for spatial 
planning, or solution of the current slope stability situa-
tion. They have a recommendatory character and are in-
tended to bring the investor, designer, statics to a decision 
what extent, type and method of engineering geological 
investigation is needed for a specific site (line, ground 
and underground) in terms of the occurrence of slope de-
formations. The incidence of geodynamic phenomena, in 
this paper mainly slope deformations, significantly affects 
and changes the view of the implementation of the engi-
neering works. Landslide hazard maps generated on large 
scales (1:10,000 and larger) can significantly reduce di-
rect and indirect damages resulting from landslide hazard. 

5.2.  Delimitation of the mapped area 

The territory assessed covers an area of 4,042.23 
square kilometres, in other terms, 17 map sheets at scale 
1:50,000, or on 285 map sheets at scale 1:10,000. 

The area is divided into western (Žilina Region) and 
eastern parts (Prešov Region) (Fig. 5.1), representing 
whole or partial cadastres of 50 municipalities in five 
districts of the Žilina Region (13 municipalities partially), 
310 municipalities in 11 districts in the Prešov Region (of 
which 66 villages partially). 

For map compilation predominantly area belonging to 
the Flysch Zone was chosen, in which the geological, hy-
drological and morphological conditions create favour-
able conditions for the slope deformations occurrence. In 
most districts of the area of interest the share of the regis-
tered slope deformations exceeds 10 % (Šimeková et al., 
2014).  
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Fig. 5.1 General overview of the assessed area  
 
According to engineering geological regional division 

of Slovakia (Matula & Pašek, 1986) the mapped area be-
longs mainly to the region of the Carpathian Flysch (areas 
of Flysch Uplands and Flysch Highlands), only in the 
eastern parts the study area extends into the region of 
Neogene Tectonic Depressions (Area of Intermountain 
Depressions) and to the region of Neogene Volcanics. 

In the region of the Carpathian Flysch due differen-
tiated tectonic conditions it is possible to distinguish:  

• Sub-region of Outer Flysch Carpathians,  
• Sub-region of Klippen Belt,  
• Sub-region of Innner Flysch Carpathians. 

5.3. The methodology of compilation of specialized 

engineering geological map 

Specialized engineering geological map represented a 
fundamental starting basis for the compilation of the 
landslide hazard map. It is also self-use map with versa-
tile application in the field of geology, building construc-
tions and urban planning. The maps were constructed on 
the basis of archive data processing, re-compilation of 
existing maps and field mapping. 

Specialized engineering geological map on topo-
graphic base at a scale 1:10,000 shows: rock environ-
ment, geodynamic phenomena, hydrogeological data, 
hydrological data and tectonic conditions. 

Within the geological environment are displayed:  
• Quaternary lithological complexes with thickness 

more than 1 m,  
• Pre-Quaternary lithological complexes exposed at 

the surface (Quaternary cover less than 1 m).  
Information on the rock environment are shown as 

coloured areas and the corresponding numerical indexes 
expressing the genesis and representing lithological 
types.  

Basic lithological types represented within the assig-
ned formations and complexes are generally reviewed in 
Tab. 5.1. 

On the geological setting of the area predominantly 
rocks of the Flysch Formation are participating, in the 
area of the Klippen Belt the rocks of variegated Sand-
stone-Marlstone-Limestone Formation are abundant, and 
in comparison with the Flysch Formation are lithologi-
cally more heterogeneous, as well as from engineering 
geological properties points of view, and partly also Neo-
volcanites Formation is involved. The Pre-Quaternary 
rocks are  irregularly distributed across the mapping area 
and incoherently covered by Quaternary sediments.  

Among the geodynamic phenomena are shown:  
• slope deformations,  
• erosion-accumulation phenomena.  
Depending on the size, the slope deformations as re-

sulting forms of slope movements, are shown spatial or 
point objects. By line colour and the marks inside slide 
polygon, or by mark colour (for point plotted slope defor-
mations) activity of slope deformation is distinguished. 
The type of slope failure is differentiated by marks within 
the area of slope deformations, or by pictogram (in the 
case of small-size failures).  

Within the mapping area in accordance with the clas-
sification of slope movements in Slovakia (Nemčok, 
1982) committed basic groups and types of slope defor-
mations were used (Tab. 5.2). 

The most common type of slope movement in the 
study area is sliding. In flysch environment, there occur 
slip movements along a flat (planar) or complex (rotary-
planar) slip surface. The slip surface of landslides tends 
to be mostly predisposed to interface among weathered 
and sound Pre-Quaternary, mainly flysch rocks, or to 
the boundary of the Quaternary slope sediments and 
basement rock. In deep landslides in their bodies
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Tab. 5.1 Rock environment within the study area 

Period Formation Lithological complex 
Index  

within map 
Basic lithotypes 

anthropogenous 1 deposits, landfills 
slope sediments 2 clays, silts, debris  

valley 3 gravels, clays, silts, debris  
proluvial 

terrace 4 gravels, clays, silts  

alluvial 5 gravels, clays, silts, sands 
fluvial 

terrace 6 gravels, clays, silts 
glacifluvial 7 gravels, clays, sands 
organogenous 8 clays, sands 
organic 9 peat 

Quaternary 
Quaternary 
cover 

chemogenous 10 foamstones 
tuff 11 tuffs, conglomerates, sandstones 
extrusive andesites 12 andesites Neovolcanites 
effusive andesites 13 andesites 

siltstones-claystones 
siltstones-sandstones 

Neogene 

Molasse 
sandstones-conglomerates 

14 
claystones, siltstones, sandstones, 
conglomerates 

Flysch sandstones-conglomerates 15 
sandstones, claystones,  
conglomerates, breccias Paleogene 

Flysch with predominance of claystones 16 claystones, sandstones, siltstones 

Paleogene-

Cretaceous 

Flysch with predominance of sand-
stones 17 

sandstones, claystones,  
conglomerates 

Paleogene 

Flysch 

claystones 18 claystones 
Paleogene-

Cretaceous 
Flysch marlstones-limestones 19 

marlstones, claystones, sandstones, 
limestones, conglomerates 

Cretaceous-

Jurassic 
20 limestones, sandstones 

Jurassic 21 limestones, radiolarites 

Triassic 

Variegated 
sandstone-
marlstone-
limestone 

limestones 

22 limestones, dolomites 

 
Tab. 5.2  Classification of slope deformation within the study area  

Basic groups of slope  

deformations 
Types of slope deformation Slope deformation activity 

Deep creep - block deformations (block fields, block ridges) stabilized, dormant 

Surface creep - surface creep movements of Quaternary sediments dormant, active 

Sliding 
- different types 
- erosive slides 

dormant, stabilized, active 

Flowing 
- flows 
- streams 

dormant, stabilized, active 

Falling 
- debris cones, scree cones 
- stone seas 

stabilized, dormant 

 
there are also numerous individualized rock blocks, 
which are mostly characterized by a lower degree of 
disintegration. 

A particular type of landslide, which often occurs in 
the area, but generally has smaller dimensions, is a water-
side slump. This type is formed by sliding of bank of a 
watercourse or water reservoir into the bed, due to lateral 
erosion of a stream, or due to abrasion. Depending on 
their size, the accumulations of these landslides are usu-
ally transported by water flow immediately after the slid-
ing. Deep creep deformations with character of block 
fields (block landslides) are concentrated in areas with a 

prevalence of Flysch sandstones overlying claystone for-
mations, or formations with predominance of claystone 
with favourable bedding, or tectonic conditions. Quater-
nary slope sediments or colluvial-eluvial soils are affec-
ted by flows, mainly. Within the mapping area numerous 
earth and debris flows have been recorded. Special form 
of flow-type slope movement are ravines. These are usu-
ally of a small area, or linear, caused by abrupt erosion, 
torrential rainwater, or by intensive oversaturation of sur-
face layers. Being soaked, a loss of strength starts in top 
layers (grass surface, topsoil) up to the depth usually 0.3-
0.5 m, occasionally up to 1 m. They are frequent on the 
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banks of watercourses, as a result of a sudden drop in 
water table level. 

The group of falls within the mapping area includes 
the shedding of fragments of rocks that are gradually ac-
cumulated at the foot of rock walls and cliffs. The loose 
debris and fallen rocks combined with saltation and slid-
ing down the slope form on its foot or directly below the 
rock walls different morphological forms - scree cones, 
debris cones, stone fields. Their occurrence in the map-
ping area is rare, they are significantly concentrated only 
in the Klippen Belt area, particularly in the geomor-
phological unit of Pieniny. 

The slope failures (landslides of various stages of  
activity) in the territory occur mostly in the environment 
of deluvial complex and Flysch complex with a pre-

dominance of clays. The share of slope deformations 
atop identified lithological complexes is presented in the 
Tab. 5.3. Part of landslides extends over two, occasion-
ally three lithological complexes simultaneously, which 
is also valid in terms of the depth of the reach of many 
landslides. The Quaternary soils and underlying Pre-
Quaternary basement affected by landslide movement 
are characterized as sliding sediments. The slope defor-
mations, where underlying lithological complexes are 
covered by original slope sediments or other Quaternary 
sediments with thickness greater than 1 m are included 
in the area of slope deformations on deluvial sediments 
complex, although by landsliding may be affected not 
only Quaternary sediments but also underlying rocks. 

 

Tab. 5.3  Representation of lithological complexes and their disturbance by slope deformations 

Slope deformations  (SD) 

Area of LC 
area 

% from 
area of 

LC 

% from 
total area  

of SD 

% from 
the total 

area F
or

m
at

io
n 

Lithological complex (LC) 

In
de

x 
w

ith
in

 th
e 

m
ap

 

km2 % km2 % % % 

anthropogenous  1 0.62 0.02 0.04 5.8      0.01      0.00 

deluvial sediments 2 1,784.55 44.15 331.69 18.59 58.13 8. 21 

proluvial - Pleistocene 3 25.10 0.62 0.18 0.70 0.03 0.00 

proluvial 4 18.60 0.46 0.01 0.07 0.00 0.00 

fluvial - Pleistocene 5 362.16 8.96 2.23 0.61 0.39 0.06 

fluvial 6 54.26 1.34 2.18 4.02 0.38 0.05 

glacifluvial 7 15.79 0.39 0.13 0.83 0.02 0.00 

organogenous and organic 8, 9 0.38 0.01 0.00 0.00 0.00 0.00 

Q
ua

te
rn

ar
y 

co
ve

r 

chemogenous 10 0.001 0.00 0.00 0.00 0.00 0.00 

tuff 11 0.22 0.01 0.00 0.00 0.00 0.00 

andesite 12, 13 6.97 0.17 0.41 5.90 0.07 0.01 

Molasse Formation  14 4.85 0.12 0.53 10.92 0.09 0.01 

sandstones-conglomerates  15 301.13 7.45 28.40 9.43 4.98 0.70 

Flysch with predominance of 
claystones  

16 844.24 20.89 131.95 15.63 23.12 3.26 

Flysch with predominance of 
sandstones  

17 482.49 11.94 50.45 10.46 8.84 1.25 

claystones  18 1.81 0.04 0.09 5.10 0.02 0.00 

marlstones-limestones 19 85.49 2.12 21.07 24.65 3.69 0.52 P
re

-Q
ua

te
rn

ar
y 

fo
rm

at
io

ns
 

limestones 20-22 14.15 0.36 1.23 18.44 0.21 0.03 

        Watercourses and reservoirs  39.41 0.97 0.01 0.03 0.00 0.00 

            Total  4,042.22 100.0 570.59 14.12 100.0 14.12 

 
Among the erosion phenomena on the maps are 

shown linear erosion on slopes (erosion gullies, potholes) 
and active erosion of watercourses as a line entity. On the 
banks of reservoirs places with an active abrasion are 
marked. For larger watercourses lateral erosion is more 
significant, in the smaller tributaries and mountain brooks 
with steep slopes lateral and streambed erosion are more 
often. 

From the accumulation phenomena in the map prolu-
vial cones are depicted. 

In addition, the maps show: hydrogeological data 
(springs, waterlogged areas), hydrological data (water-
courses, natural and artificial reservoirs), and tectonic 
data (observed and predicted tectonic lines and failures, 
bedding). 
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5.4.  The methodology of creating landslide           

hazard maps 

Landslide hazard assessment using statistical meth-
ods in GIS environment is based on the selection of the 
appropriate factors affecting the slope stability. Statisti-
cal analysis of the landslide hazard comes from the 
principle of actualism of geological phenomena and 
processes, according to which the landslides will occur 
in places where they have been in the past, or currently 
under similar conditions of activation. Selected factors 
affecting the genesis and development of slope move-
ments are formulated in parametric maps and thus enter 
into the process of statistical evaluation using map alge-
bra in GIS environment. According to the chosen statis-
tical method, the comparison of parametric maps with 
landslide inventory map followed. The conclusions re-
sulting from the statistical comparison were then ex-
trapolated to the whole evaluated territory and the result 
is a prognostic map of hazard. Further, it is necessary to 
divide the landslide hazard map, based on the mathe-
matical distribution (e.g. median, standard deviation and 
other), into three (low, medium, high degree of hazard) 
or five (very low, low, medium, high and very high de-
gree of hazard) categories representing the degree of 
landslide hazard. 

From the group of statistical methods for the land-
slide hazard assessment within GIS environment a 
bivariate statistical analysis was selected, which to-
gether with multivariate analysis is the most widely 
used method with high success rate of model (Pauditš & 
Bednarik, 2006). 

This method presents a statistical combination of each 
parametric map with a map of registered landslides. 
Bivariate statistical analysis uses one dependent variable 
(landslide inventory map) and one independent variable 
(individual input parametric map). The result gives the 
total number of grid cells with landslides and without 
landslides in each class of input factors, calculated per 
unit area or percentages. The double combinations are 
stored in tabular form, where one of the numbers is a 
class in the parametric map and the second number repre-
sents the presence or absence of landslides (0 - false,             
1 - true). 

Based on this combination it is necessary to provide 
secondary reclassification for each parametric map. Du-
ring this process to the existing classes within each para-
metric map new numerical values are assigned, represent-
ing statistically calculated probability to sliding. The 
highest numerical value is assigned to the class most sus-
ceptible to sliding and vice versa, a class with the lowest 
numerical value is the least susceptible to sliding. 

Before the summing secondary reclassified parametric 
maps it is necessary to determine the weights of individ-
ual parameters. Here-in, weights are calculated based on 
entropy index according to mathematical procedure pro-
posed by Vlčko et al. (1980). 

Result of bivariate statistical analysis is a map of the 
landslide hazard, calculated as the weighted sum of the 
secondary reclassified parametric maps. The equation for 
the final sum has the form: 

∑=

=

n

i
iWCy

1
*                   (5.1) 

where:  
y   - the value of landslide hazard in the final map,  
i    - individual parametric maps,  
C  - class,  
Wi - weight of the corresponding parameter. 

The result of the weighted sum is then a continuous 
range of values representing the value of the landslide 
hazard degree in the model area. Continuous interval is 
necessary to interpret and divide into classes, reflecting 
the degree of the landslide hazard. Here-in, the five-point 
scale representing very low, low, medium, high and very 
high degree of landslide hazard was used. 

5. 5.   Landslide hazard assessment 

5.5.1.  Input parameters 

Eight input factors are evaluated, which somehow af-
fect slope stability. Each factor enters to the bivariate 
statistical analysis in the form of parametric map. Chosen 
parameters reflect the geological, climatic and hydrologi-
cal conditions in the area, morphometric characteristics of 
the relief and current land-use.  

The total processed area has an extent of 4,042.23 
square kilometres, the area of registered slope deforma-
tions constitutes 570.59 km2, thus, 14.12 % of the total 
area is affected by slope deformations. 

Interpretation of geological conditions 

Basis to obtain information about the geological set-
ting of the study area provide specialized engineering 
geological maps at a scale of 1:10,000 in a vector form. 
These maps are one of the outputs of the project. The 
maps were scanned, georeferenced and then vectorized in 
a coordinate system S-JTSK. Parametric map in a vector 
form was converted to the raster format with a cell size of 
10x10 m (Fig. 5.2). Legend to this parametric map is 
shown in tables 5.1 and 5.3. 

Based on the statistical evaluation that was performed 
using map algebra within GIS environment, it was found 
a percentage of individual lithological complexes of the 
total area (Tab. 5.4). Index Ac represents the total area 
(acreage) of class expressed in km2. 

Tables 5.3 and 5.4 show that the largest area extent in 
the model area (1,784.55 km2) have deluvial sediments; 
among the Quaternary sediments also fluvial sediments 
have significant representation. Paleogene Flysch sedi-
ments - classes 15, 16 and 17 occupy summary area of 
more than 1,600 km2. 
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Fig. 5.2 Parametric map of engineering geological conditions in a raster form 
 

 

Tab. 5.4 Spatial distribution of individual classes of lithological 
complexes  
 

Class Ac (km2) Class Ac (km2) 

1 0.6204 13 0.001 
2 1,784.5468 14 4.8546 

3 25.1002 15 301.1265 

4 18.6031 16 844.2422 

5 362.1564 17 482.4918 

6 54.2643 18 1.8052 

7 15.7852 19 48.8389 

8 0.0409 19a 4.5785 

9 0.3416 19b 32.0758 

10 0.001 20 9.1895 

11 0.22 21 4.6789 

12 6.9676 22 0.2829 

Morphometric parameters of the relief 

In the frame of this study following morphometric pa-
rameters were evaluated:  

• hypsographic levels (levels of altitudes),  
• slope angle,  
• slope aspect,  
• curvature of relief, 
• slope length, 
• contributing areas. 
Morphometric parameters were derived from a digital 

elevation model (DEM - Fig. 5.3). The source of input 
data for the compilation and calculation of the DEM in 
the model area were contour lines and elevation points 
from topographic maps at a scale 1:10,000, which are 
distributed by Institute of Geodesy and Cartography. 
Areal extension of the categories is shown in Tab. 5.5. 

More than 2,900 km2 of the total area of the study 
area is located at altitudes 290-770 m a.s.l. (classes 2, 3 

and 4). The height difference between the lowest and 
highest altitude represents 1,420 meters. 

 
Tab. 5.5 Spatial distribution of reclassified DEM 
 

Class Interval [m a. s. l.] Ac (km2) 

1 130-290 408.8894 
2 291-450 907.917 

3 451-610 1,204.765 

4 611-770 813.4838 

5 771-930 409.9881 

6 931-1,090 183.1551 

7 1,091-1,250 80.6844 

8 1,251-1,410 28.0409 

9 1,411-1,550 5.2991 

Slope angle  

Slope angle is indicated in degrees (range 0-90 de-
grees) or as a percentage (or per mille). Parametric map 
of slope angle (Fig. 5.4) is reclassified according to 
Hrašna (1980, in Matula et al., 1983), which is commonly 
used in the engineering geological mapping (Tab. 5.6). 
Slopes are divided into 9 categories. 

 
Tab. 5.6 Classification of slope angle 

Class 
Slope angle  

[%] 

Slope angle 

[°] (class) 

< 3 < 2 (1) 
3-5 2- 3 (2) 

I. Flat  
(with small slope angle) 

5-9 3-5 (3) 
9-2 5- 7 (4) 

12-20 
 

7- 11 (5) 
 

II. Slightly  
(with a moderate slope 
angle) 20-30 11-17 (6) 

30-36 17-20 (7) 
36-60 20-31 (8) 

III. Steep  
(with a large slope angle) 

> 60 > 31 (9) 
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           Fig. 5.3 Parametric map of digital elevation model in a raster form 
 

 Fig. 5.4 Parametric map of slope angle in a raster form 
 

     Fig. 5.5 Parametric map of slope aspect in a raster form 
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The total area of the reclassified categories of slope 
angle is shown in Tab. 5.7. The largest area have the 
slopes with a moderate slope angle of 11-17° (class 6) 
and slopes of 7-11° (class 5). Other classes are approxi-
mately equally distributed, except class 9 (steep slopes), 
which occupies just over 14 km2. 

 
Tab. 5.7 Spatial distribution of reclassified slope angles 
 

Class Interval Ac (km2) 

1 < 2° 304.6084 

2 2-3° 142.2787 

3 3-5° 327.4622 

4 5-7° 428.0142 

5 7-11° 967.6527 

6 11-17° 1,134.34 

7 17-20° 342.5587 

8 20-31° 381.1609 

9 > 31° 14.147 

Slope aspect 

The resulting parametric map is in degrees; in raster 
form with cell size of 10x10 m is shown in Fig. 5.5. The 
slopes are reclassified into 9 categories, where category 1 
presents a flat area without relation to the cardinal points 
(Tab. 5.8). 

Within the study area slopes in terms of orientation to 
cardinals are approximately equally distributed. The larg-
est spatial representation have slopes with South-West 
orientation - class 7. 
 
Tab. 5.8 Spatial distribution of slope aspect 

Class Interval (°) Ac (km2) 

 1 (flat) (-1) 34.3354 

 2 (N) (0-22.5), (337.5-360) 417.0316 

 3 (NE) (22.5-67.5) 565.114 

 4 (E) (67.5-112.5) 549.594 

 5 (SE) (112.5-157.5) 479.8359 

 6 (S) (157.5-202.5) 535.2548 

 7 (SW) (202.5-247.5) 651.2452 

 8 (W) (247.5-292.5) 472.633 

 9 (NW) (292.5-337.5) 337.1812 

Curvature of the relief 

The resulting curvature (Fig. 5.6) was reclassified into 
three categories - convex (positive values), concave 
(negative values) and linear (inflection field values close 
to 0). Tab. 5.9 presents spatial extension of the individual 
forms of relief curvature in the study area. Convex and 
concave relief forms are spread rather evenly with a slight 
predominance of concave forms. 
 

Tab. 5.9 Spatial distribution of reclassified forms of relief cur-
vature 
 

Class Interval Form Ac (km2) 

1 < -0.00025 Concave 1,427.502 

2 - 0.00025 to 0.00025 Linear 1,516,017 

3 > 0.00025 Convex 1,098.704 

Slope length and contributing areas 

To derive the slope length and contributing area pa-
rameters, flow direction of hydrologically correct digital 
elevation model should be calculated firstly. Direction of 
water flow was calculated in ArcGIS using the module 
"flow direction" and the output is a grid cell with the cell 
size 10x10 m. From it, slope lengths - using the "flow 
down" and using the "flow up" modulus contributing  
areas grids were generated in the model area. The result-
ing grids were reclassified into 6 classes (Figs. 5.7 and 
5.8), and their area extension is shown in Tabs. 5.10 and 
5.11. 
 
Tab. 5.10 Spatial distribution of reclassified slope length 
 

Class Interval [m] Ac (km2) 

1 0-100 133.0903 

2 100-500 952.147 

3 500-1000 1,111.89 

4 1000-1500 786.299 

5 1500-2000 481.8508 

6 > 2000 576.9448 

 
Tab. 5.11 Spatial distribution of reclassified contributing areas 

 

Class Interval [m2] Ac (km2) 

1 0-100 2,030.095 

2 100-500 1,822.137 

3 500-1,000 152.5688 

4 1,000-1,500 22.0251 

5 1,500-2,000 8.0694 

6 > 2,000 7.3288 

 
From the parametric maps of reclassified slope 

lengths is clear that they are evenly distributed through-
out the model area except of class 1, which represents the 
slopes with a length of up to 100 m.  

In contributing areas parameter classes 1 and 2 (up to 
500 m2) dominate, which correspond to the small contri-
buting areas. Classes with a large surface area (class 6) 
occur in the model territory only over an area of 7.3 km2. 

The actual land-use 

Parametric map of the actual land-use was vectorized 
from raster topographic images and is shown in Fig. 5.9. 
The spatial distribution of individual elements of the cur-
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Fig. 5.6 Parametric map of relief curvature in a raster form 
 

Fig. 5.7 Parametric map of slope length in a raster form 
 

Fig. 5.8 Parametric map of contributing areas in a raster form 
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rent land-use (Tab. 5.12) shows that the area is mostly 
afforested, class 5 (2,197.2 km2), urban environment 
(class 2) covers an area over 124 km2. 

 
Tab. 5.12 Spatial distribution of elements of actual land-use   
 

Class Interval Ac (km2) 

1 Road network 28.2893 
2 Settlement 124.7727 

3 Pastures 491.451 

4 Arable land 1,066.1914 

5 Forests 2,197.181 

6 Meadows and gardens 90.5386 

7 Watercourse network 41.5557 

8 Railway network 1.7278 

9 Quarries 0.4626 

Interpretation of slope deformations 

As a basis of preparation of the parametric map of 
landslides the study areas were revised and newly regis-
tered slope deformations were assessed in the maps of 
engineering geological conditions, as well as 372 land-
slides registered within the project “Registration and 
evaluation of newly evolved slope failures in 2010 in 
Prešov and Košice regions“ (Liščák et al., 2010). 

As was already mentioned, the registered landslides in 
the study area cover an area of 570.59 km2 of the total 
area 4,042.23 km2. This means that 14.12 % of the total 
area is directly affected by slope failures. The resulting 
parametric map of landslides as entry to the bivariate sta-
tistical analysis is shown in Fig. 5.10.  

 

 

     Fig. 5.9 Parametric map of actual land-use in a raster form 
 

   Fig. 5.10 Parametric map of slope deformations in a raster form 
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5.5.2.  Results of bivariate statistical analysis 

Table 5.13 shows the results derived from bivariate 
statistical analysis. Ac represents the area of classes after 
first reclassification; Asd is the area of landslides within 
the individual class of each parameter. 

From the comparison of parametric map of lithologi-
cal complexes with the landslide inventory parametric 
map follows that the most disturbed areas are built by 
deluvial sediments (class 2); 58% of all registered land-
slides can be found in this class. They are followed by 
class 16, Flysch with a predominance of claystones - 
23%, and Flysch with a predominance of sandstones - 9% 
(class 17).  

Most slope deformations are located at altitudes 450-
610 m a. s. l. (class 3) - 31%, followed by the altitude in-
terval 291-450 m a. s. l. with 26% (class 2) and the interval  

611-770 m n. m. with 19% (class 4). The highest parts of 
the territory are affected by slope failures only marginally.  

Almost 86% of the total area of landslides occur on 
slopes between 5° and 20°. The comparison shows that 
the most critical slopes are within the range 11° to 17° 
(class 6, more than 35% of landslides) and slopes within 
the range 7° to 11° (class 5, with more than 31% of the 
total area of landslides). They are classified as gentle 
slopes with moderate slope angle. 

The slope aspects are evenly distributed in the model 
area, and similarly, the distribution of slope deformations 
in each class of slope aspect is evenly distributed, as well. 
This implies that the slope aspect parameter does not 
have a big impact on slope movements, as is evidenced 
also by the weight of this factor. 

 
Tab. 5.13 Results of bivariate statistical analysis 
 

  Class Ac (km2) Asd (km2)   Class Ac (km2) Asd (km2)  Class Ac (km2) Asd (km2) 

1 0.6204 0.036 1 304.6084 1.8899 5 8.069 0.7568 

2 1784.547 331.6866 2 142.2787 3.415 6 7.329 0.3624 

3 25.1002 0.1759 3 327.4622 20.7147 1 28.29 2.8498 

4 18.6031 0.0126 4 428.0142 54.6141 2 124.8 8.6659 

5 362.1564 2.2258 5 967.6527 176.5365 3 491.5 112.7914 

6 54.2643 2.1797 6 1134.34 204.9129 4 1,066 126.2962 

7 15.7852 0.1309 7 342.5587 54.7507 5 2,197 308.8293 

8 0.0409 0 8 381.1609 52.2858 6 90.54 10.9618 

9 0.3416 0 

S
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9 14.147 1.471 7 41.56 0.1369 

10 0 0 1 34.3354 4.304 8 1.728 0.0428 

11 0.22 0 2 417.0316 60.7515 

L
a

n
d
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/l
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es
 

9 0.463 0.0134 

12 6.9676 0.4108 3 565.114 89.3241 

13 0 0 4 549.594 77.5357 

14 4.8546 0.53 5 479.8359 68.9181 

15 301.1265 28.3958 6 535.2548 77.9717 

16 844.2422 131.9468 7 651.2452 85.8633 

17 482.4918 50.4527 8 472.633 61.4855 

18 1.8052 0.0921 

S
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9 337.1812 44.4367 

19 85.4932 21.0749 1 1,427.502 282.5809 

20 9.1895 0.7436 2 1,516.017 183.6193 

21 4.6789 0.4844 C
u
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3 1,098.704 104.3904 

L
it

h
o
lo

g
ic

a
l 

co
m

p
le

x
es

/l
a

n
d

sl
id

es
 

22 0.2829 0 1 133.0903 13.7496 

1 408.8894 40.7149 2 952.147 147.7797 

2 907.917 150.5895 3 1,111.89 166.4366 

3 1204.765 172.7775 4 786.299 112.1667 

4 813.4838 109.626 5 481.8508 63.75 

5 409.9881 56.45 S
lo

p
e 
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n

g
th

/l
a

n
d
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id

es
 

6 576.9448 66.708 

6 183.1551 25.4881 1 2,030.095 201.31 

7 80.6844 10.8608 2 1,822.137 326.2965 

8 28.0409 3.6112 3 152.5688 38.2747 

A
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d
e/
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es

 

9 5.2991 0.4726 C
o

n
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u
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o
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a
/l
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4 22.0251 3.5902 
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Comparison of parametric maps of curvature of the 
relief with the parametric map of landslides indicates that 
the slides occur more on concave relief forms (50%, class 
1). To convex forms 32% of registered slope deforma-
tions are fixed. Accumulation parts of slope deformations 
are bound to linear forms of curvature. 

Landslides are mostly located on the slopes with a 
length of 500-1,000 m (class 3, more than 29% of slides), 
as well as on the slopes with a length in the range of 100 
to 500 m (class 2, more than 26% of landslides). 20% of 
landslides occur on slopes with a length of 1,000-1,500 m 
(class 4). 

Most landslides occur in small contributing areas of the 
class 2 (up to 500 m2, more than 57% of the total share of 
landslides) and in this regard class 1 is also interesting (up 
to 100 m2), which encompasses 35% of landslides. 

Forests are most affected by slope failures within the 
study area, 54% of registered deformations are in this 
class (class 5), 22% of slope deformations are in class 4 –         
arable land and 20% in pastures (class 3). More than 8 km2 
of landslides affect the built-up area (class 2). Road and 
rail networks are affected by slope failures in area of 
almost 3 km2 (classes 7 and 8). 

The evaluation of bivariate results was followed by 
determining the weights of individual parameters accord-
ing to the methodology set out in the work by Vlčko et al. 
(1980). Calculated weights show that the greatest impact 
on the formation and development of landslides in the 
model area have slope angle and lithology of the area. 
Much lower impact have further parameters in the follo-
wing order - the length of slopes, slope aspect, curvature 
of the relief, contributing area and hypsographic levels - 
altitude. 

Based on the calculated probability Pij and probability 
density (Pij) each input parametric map was secondarily 
reclassified. To each class new numeric value was as-
signed (integer) for each grid cell, to represent the degree 
of landslide susceptibility of a given parameter class. 

 
5.5.3. Landslide hazard map  

Landslide hazard map was created based on a simple 
weighted sum of the multiplication of secondary reclassi-
fied parametric maps and weights of individual parame-
ters. The equation used for the creation of landslide         
hazard map for the model area has the following form: 
 

y = /slope_recl2/*0.011363 + /aspect_recl2/*0.001014 + 
/land-use_recl2/*0.010321 + /geology_recl2/*0.010515+ 
/curvat_recl2/*0.008359 + /flowleng_recl2/*0.001137 + 
/flowmic_recl2/*0.006903 + /dem_recl2/*0.00687   (5.2) 

where: 
 

y - represents the value of landslide hazard in the resul-
ting map, 
/slope_recl2/ - value in the each cell of grid of secondary 
reclassified parametric map of slope angle, 
/aspect_recl2/ - value in the each cell of grid of secondary 
reclassified parametric map of slope aspect, 

/land-use_recl2/ - value in the each cell of grid of secon-
dary reclassified parametric map of the current land-use, 
/geol_recl2/ - value in the each cell of grid of secondary 
reclassified parametric map of lithological complexes, 
/curvat_recl2/ - value in the each cell of grid of secondary 
reclassified parametric map of curvature of the relief, 
/flowleng_recl2/ - value in the each cell of grid of secon-
dary reclassified parametric map of slope lengths, 
/flowmic_recl2/ - value in the each cell of grid of secon-
dary reclassified parametric map of contributing areas, 
/dem_recl2/ - value in the each cell of grid of secondary 
reclassified parametric map of altitudes. 

The result of this sum is a continuous range of values 
representing the varying degree of landslide hazard. The 
resulting landslide hazard interval was reclassified into 
five classes representing the degree of landslide hazard in 
the model area:  

1. very low degree of landslide hazard,  
2. low degree of landslide hazard,  
3. moderate degree of landslide hazard,  
4. high degree of landslide hazard,  
5. very high degree of landslide hazard. 
The resulting landslide hazard map is presented in 

Fig. 5.11. To check the degree of success of the hazard 
map, as the easiest way of verification a comparison with 
the parametric map of landslides was used. The verifica-
tion compares the area of landslides which occupies a 
very high degree of landslide hazard (class 5) in the 
prognostic map. From this simple comparison came out 
percentage of 84.2%, which means that when exposed to 
a significant trigger factor over 80% assumed of slope 
failures can be mobilized according to the landslide ha-
zard map. 

5.6. Conclusions 

Within the project frame 285 map sheets at a scale of 
1:10,000 were processed in GIS. The result represents an 
original and unique solution not only in Slovakia. Vec-
torization, statistical analysis as well as visualization 
were carried out using the softwares ArcGIS, ESRI Ltd., 
which belong to the largest and most comprehensive 
commercial GIS softwares. 

The map outputs were processed in the form of vector 
and raster data models in a coordinate system S-JTSK. 
Vector maps include also the database in the form of at-
tribute tables. In raster models the cell size of 10 m was 
set out. 

The main outcomes of the project are maps that cover 
an area of 4,042.43 km2 (8.24% of the total area of Slo-
vakia). The territory is almost exclusively built of the 
Flysch Formation with significant Quaternary cover. 
Three types of maps were created: 

1. Specialized engineering geological map,  
2. Map of documentary points,  
3. Landslide hazard and flood hazard maps (flood 

hazard is not discussed in this paper). 
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    Fig. 5.11 Landslide hazard map 

 
Specialized engineering geological map presents a 

base for the creation of the landslide hazard map, and 
provides a separate map series showing the geological 
setting of the area and geodynamic phenomena with em-
phasis on slope deformations, which significantly affect 
land-use. The slope deformations represented mostly by 
landslides in various stages of activity cover an area over 
570.59 km2; it equals to 14.12% of the total study area. 
This is several times higher compared to the average 
slope instability in Slovakia, which is 5.25% (Šimeková 
et al., 2014). 

Landslide hazard maps currently represent a suitable 
basis for spatial planning. They have a recommendatory 
character – they enable to make qualified decisions of 
investors, engineers and contractors about the extent, type 
and method of engineering geological investigation re-
quired for the particular type of construction (lined, 
ground and underground) in terms of the probability of 
slope deformations occurrence. The occurrence of these 
geodynamic phenomena greatly affects and changes the 
view of the implementation of the works. Landslide       
hazard maps were generated on large scales (1:10,000) 
and are also suitable for design and implementation of 
remediation works that can largely avoid direct and indi-
rect losses resulting from the landslide hazard. 

Eight input factors, which in certain way affect the 
stability of slopes, are evaluated. Selected factors reflect 
the geological, climatic and hydrological conditions in 
the study area, morphometric characteristics of the relief 
and current land-use. In terms of calculated weights de-
termined by the entropy (a measure of chaos in natural 
systems), different factors in the area have the influence 
on the stability of slopes in following order:  

• Slope angle,  
• Lithology,  
• Land use.  
• Much lower impact on slope stability have:  

• Curvature of the relief,  
• Contributing areas,  
• Altitudes,  
• The length of slopes,  
• Slope aspect. 
Landslide hazard maps are drawn in “traffic light“ 

manner. The territory classified in the high and very high 
degree of landslide hazard (red colour) includes both 
multiple combinations of factors adversely affecting the 
stability of slopes, e.g. combination of unfavourable geo-
logical setting, together with the dangerous slope angle 
and inappropriate land-use. This should be an objective 
basis for the recommendation of the necessity of carrying 
out a comprehensive detailed engineering geological in-
vestigation focused primarily on evaluation of the stabil-
ity conditions and the resulting assessment of the feasibil-
ity of a particular investment project itself,  and also the 
feasibility of wide range of preventive remediation meas-
ures restricting the emergence of possible damage to area 
and constructed parts and measures providing definitive 
stability of the object. 

The moderate degree of landslide hazard (orange        
colour) is a combination of two unfavourable factors, and 
there should be recommended at least preliminary engi-
neering geological investigation and the consequent ade-
quate designing and realization update – prior to a buil-
ding plan implementation. 

Low degree of landslide hazard (green colour) repre-
sents areas that have long been predicted as stable, in 
terms of the stability conditions is not necessary to carry 
out engineering geological investigation. This does not 
preclude assessment for the potential flooding area, the 
bearing capacity of foundation soil, aggressive rock envi-
ronment and erosion.  

Important component of this geological project was the 
development of record sheets (passports) of selected sites 
where there is damage or serious risk to various objects 
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due to landslides or erosion processes. These sites were 
documented in detail and evaluated from the aspect of the 
needs and possibilities for remediation, with a proposal for 
necessary geological reconnaissance work preceding the 
actual remediation. A total of 212 passports were produced 
in 11 districts of Žilina and Prešov regions. 
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Abstract: In Slovakia, the most frequently methods used for the 
landslide hazard assessment in GIS environment are statistical 
analyses. The aim of this paper is to present the other, physi-
cally based or deterministic method. The landslide hazard as-
sessment in the deterministic method is performed based on the 
direct calculation of the factor of safety of slopes, which is de-
termined for each grid cell contained in a raster GIS map. The 
deterministic method is usually applied for local or site-specific 
analyses where sufficient data on geological, geotechnical and 
hydrogeological conditions is available. In this paper, an active 
landslide nearby Chmiňany Village, Prešov district, Eastern 
Slovakia has been selected. The detailed input parameters 
needed for the analyses have been obtained from the engineer-
ing geological and geotechnical investigations in relation with a 
proposed highway construction. Taking into consideration the 
cause of the landslide, identified as groundwater change, two 
scenarios of landslide activity have been investigated: scenario 
of dry slope and scenario that considers the maximum ground-
water table level. The results of deterministic analysis in the 
Chmiňany Landslide allowed to define the different activity 
stages within the landslide body. 
 

Keywords: landslide hazard • deterministic method • slope 
stability • spatial analysis • Chmiňany Landslide • parametric 
maps • Geographic Information Systems (GIS) •  

6.1. Introduction 

Various approaches to landslide hazard assessment 
have been developed and published in the literature. Most 
noted examples can be finding in Carrara, 1988; Van 
Westen et al., 1993; Terlien, et al. 1995; van Westen and 
Terlien, 1996; Aleotti & Chowdhury, 1999; Guzzetti et 
al., 1999; Dai et al., 2002; Zhou et al., 2003, Carrara & 
Pike, 2008; Alexander, 2008 and others. Each approach 
can be classified into the two main categories: qualitative 
and quantitative, which are further classified as: inven-
tory, heuristic, statistic, and deterministic. Each type has 
advantages and limitations for its application to different 
scale and purpose of the analysis. 

In Slovakia, statistical and deterministic methods have 
been commonly used, following the expansion of GIS. 
Statistically based approaches (bivariate and multivariate 
conditional methods) have been mainly applied for as-
sessing and predicting of regional landslide hazard 
(Pauditš & Bednarik, 2002; Bednarik et al., 2005; Jurko 
et al., 2005; Pauditš et al., 2005, etc.), while deterministic 

approaches for local or site-specific analyses where suffi-
cient data on geological, geotechnical and hydrogeologi-
cal conditions is available. An example of landslide      
hazard assessment for two single landslides in Ľubietová 
and Veľká Čausa villages can be found in Jelínek, 2005 
and Jelínek & Wagner, 2007, respectively. In both cases, 
the susceptibility relative hazard maps were produced for 
two selected scenarios based on the safety factor calcula-
tion. Petrýdesová (2012) has implemented the determinis-
tic stability assessment of shallow landslides in regional 
scale for the area between Hlohovec and Sereď towns. By 
this method, it was possible to assess the stability of the 
youngest generation of shallow landslides corresponding 
to slip surface depth up to 5 m. 

In the proposed paper, the deterministic method was 
applied to assess stability of the Chmiňany Landslide. 
The landslide hazard is determined using a slope stability 
model, resulting in the calculation of factors of safety for 
two scenarios of groundwater table levels – scenario of 
dry slope (without the considering of groundwater influ-
ence) and scenario for maximum groundwater table level. 

6.2.  Basic principle of the deterministic method 

The deterministic approach using geotechnical model 
requires several simplifications; otherwise, the method 
would be very complex and almost impossible to give 
correct results. Basic requirements for obtaining accept-
able results can be summarized in the following condi-
tions: 

• detailed and sufficient input data on geotechnical, 
hydrogeological, and morphological parameters and their 
spatial and temporal variability must be guaranteed; 

• the main conditions that caused landslide must be 
known and identified; 

• correct justification of a potential failure mecha-
nism must be known. 

It is further assumed that the geological conditions are 
quasi-homogeneous, failure occurs as a single soil layer, 
which is the result of a translational slide. 

The fulfilment of the complete model requirements is 
very difficult, and this is the reason why the deterministic 
approach has only limited applications. The main prob-
lems are related to the heterogeneity of the environment 
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and subsequent spatial variability and uncertainties in 
material properties. In most cases of slope analysis, un-
certainty is associated with geotechnical parameters (soil 
strength), geotechnical models, and the frequency, inten-
sity, and duration of triggering agents (Chowdhury & 
Flentje, 2003). Due to difficulties regarding availability 
of detailed input parameters, the method is usually ap-
plied on a large scale and over small areas. To eliminate 
these uncertainties, conventional deterministic models 
must be combined with statistical and probabilistic me-
thods, which take into consideration spatial variability of 
land characteristics, material properties, or sampling         
error. 

It is further considered that the landslide material 
slides along a planar slip plane parallel to the surface 
(Anderson, Richards, 1987, in Jelínek, 2005) and each 
soil layer is merged into one single layer. The simple  
infinite slope stability model is generally used in a GIS 
environment. This two-dimensional model calculates the 
slope stability for an infinitely large slip surface. Individ-
ual pixels of the input parametric maps are considered as 
"homogeneous units". However, the effect of the neigh-
bouring cells is not taken into account. The model is used 
for the calculation of the stability of each single cell of 
the resulting landslide hazard map (van Westen, 1993). 

Assessment of the landslide hazard of the selected 
area by deterministic method is expressed as a factor of 
safety (FS), calculated for all the slopes and final classes 
of landslide hazard are divided by the degree of factor of 
safety. Degree of FS is given by the ratio of the summa-
tion of the passive forces (acting as the sliding-resistance 
force) and the active forces (acting as the sliding-distur-
bing force). The forces acting at any point along the         
potential slip surface in the infinite slope model are illus-
trated in Fig. 6.1. If the safety factor is greater than 1 then 
the slope is considered as stable, while the factor of safety 
lower than 1.0 indicates unstable slope and a potential 
failure existence. However, the limiting value has been 
defined differently for various land use. For the urban 
zones has been used the limiting value of FS 1.5, for the 
agricultural land use, woodland, fields and meadows the 
limiting value is 1.1 and for other land use it’s 1.0.  

There are different ways to express the safety factor 
within the infinite slope model (Nash, 1987; Graham, 
1984; Montgomery & Dietrich, 1994). The basic stability 
equation (formula 1.0) according to Brunsden & Prior 
(1979) in van Westen (1993) allows modelling of various 
stability scenarios. This formula is mainly used for the 
stability analysis of shallow translational landslides usu-
ally with a depth of slip surface to 5 m. An important pa-
rameter defining the impact of groundwater influence to 
stability conditions is parameter “m“. The parameter 
“m“ is given by a ratio of groundwater table levels above 
the slip surface and a depth of slip surface. 

 

ββγ

ϕβγγ
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z

zmc
FS efwef +

=  (6.0) 

Where: 
cef  - the effective cohesion [kPa]; 
φef  - the effective angle of shearing resistance [°]; 

 

Fig. 6.1 Schematic view of the active and passive forces acting 
inside the slope, in an infinite slope model (in Jelínek, Wagner, 
2007), where β - the slope angle [°], z - the depth of the slip 
surface [m], h - the depth of groundwater table [m], hw - the 
height of groundwater table level above the slip surface [m], b - 
the slice width, Ql and Qr are the side forces applied to soil 
column 
 
γ  - the unit weight of soil [kN.m-3]; 
γw  - the unit weight of water [kN.m-3]; 
β  - the slope angle [°]; 
z  - the depth of slip surface below the terrain [m]; 
m-hw/z - the ratio of the height of groundwater table level 

above the slip surface hw [m] and the slip surface 
depth z [m]. 

If the pore-water pressure at the slip surface has been 
directly considered, then the parameter “m“ in the equa-
tion 6.0 has been removed and replaced with parameter 
“u”, which can be calculated according to the formula 
6.1 (Nash, 1987). 
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Where: 
cef  - the effective cohesion [kPa]; 
φef  - the effective angle of shearing resistance [°]; 
γ  - the unit weight of soil [kN.m-3]; 
β  - the slope angle [°]; 
z  - the depth of slip surface below the terrain [m]; 
u  - water pressure [kPa]; 
hv  - groundwater table level [m below terrain]; 

The resultant safety factors may be used for testing 
different scenarios of slope instability but not as absolute 
values. Corominas & Santacana 2003 recommended that 
the degree of slope instability in GIS-based approach 
must be considered globally, and the resultant safety fac-
tors calculated at each cell cannot be interpreted indi-
vidually because they may give erroneous conclusions. 



6. Lanslide Hazard Assessment Using Deterministic Analysis… 

 
 

 
81 

 

6.3. Methodology 

The resulting map of landslide hazard (in our case 
stability maps) depends on a detailed knowledge of the 
studied site and on the quality of input parameters. The 
acquisition of these data is relatively difficult mainly in 
time and economic term. The data are usually obtained 
from engineering geological investigations, field surveys 
and laboratory analyses. All available data are collected, 
analysed and organized into a spatial database. The fac-
tors influencing the stability conditions are processed in a 
raster format with cell size 1 x 1 m containing the nu-
merical values. To the process of deterministic analysis in 
GIS environment the parametric maps enter through the 
use of map algebra. 

As already stated, the deterministic analysis requires 
the detailed input data. In case of the Chmiňany Land-
slide, the data were obtained from previous engineering 
geological investigations (Havčo et al., 2009; Lukács et 
al., 2012, Kopecký et al., 2013). The investigations in

cluded determination of physical and mechanical proper-
ties of soils (e.g. shear strength), the groundwater condi-
tions, geological and morphological setting, etc. The col-
lected data were represented as a single point (e.g. 
borehole); therefore the missing values were interpolated 
or extrapolated.  

Given that the rainfalls in the Chmiňany Landslide 
represent an important triggering factor causing the slid-
ing, two stability scenarios were modelled: the first sce-
nario which does not consider the influence of the 
groundwater – dry scenario; and the second scenario that 
considers the maximum level of the groundwater ob-
tained from the landslide monitoring. Final stability sce-
narios were compared and the influence of the groundwa-
ter upon slope stability determined.  

Landslide hazard map created by deterministic analy-
sis represents the different degree of stability of the area. 
Factor of safety was calculated for each cell of the raster 
map and according the final value of FS the landslide 
hazard map was divided into 5 classes (Tab. 6.1). 

 
Tab.6.1 Classification of landslide hazard and stability state according to calculating of factor of safety FS 

Factor of safety FS Stability state Landslide hazard 

< 0.5 very high hazard 

0.5-1.0 
Unstable state 

high hazard 

1.0-1.25 Conditionally stable state moderate hazard 

1.25-1.5 low hazard 

>1.5 
Stable state 

very low hazard 

 
6.4. Selection and characteristic of study area 

The Chmiňany Landslide was investigated in relation 
with a highway construction (D1 Fričovce – Svinia). 
Thus, the data obtained were sufficient for the determinis-
tic analysis. 

The investigated landslide is situated on a gentle 
slope south of the Chmiňany Village, near the current con-
fluence of the Svinka River and Jakubovianka Brook. Ac-
cording to Nemčok, Pašek & Rybář (in Nemčok et al., 
1982) classification, the landslide is classified as equidi-
mensional landslide with size characteristics 450 x 565 m 
(Fig. 6.2). The landslide was reactivated due to combina-
tion of extreme rainfalls in 2010 and undercutting of the 
landslide toe (up to 4-5 m high) in relation to building of 
social houses. The other unfavourable factor was the sus-
pension of highway construction within the PPP project 
when the topsoil was removed in a trace of the projected 
highway. The stability of landslide toe has been disturbed, 
which has been reflected in visible cracks situated ap-
proximately 5.0 m from the edge of the excavation. 

Geological settings 

According to the engineering geological zoning of 
Slovakia (Matula & Pašek, 1986), the Chmiňany Land-
slide belongs to the Region of Neogene Tectonic             
Depressions (Area of the Intermountain Basins). The geo- 

logical structure consists of the Pre-Quaternary rocks 
represented predominantly by Inner-Paleogene Biely 
Potok Member (Gross et al., 1999). It is represented by 
layers consistings of claystones and sandstones alter-
nating in different share; fewer by sandstones and con-
glomerates. The Quarternary sediments are represented 
by slope deposits, proluvial, fluvial sediments and delu-
vial-eluvial sediments, mainly clays and loams with 
various percentage of fragments. Proluvial sediments 
consist of varied and unsorted gravels, clays and loams 
with fragments and hard heads. Fluvial sediments are 
characterized by river plain sediments and terrace sedi-
ments - mainly gravels sporadically covered by loams 
and clays (Havčo et al., 2009). 

Within the wider area are more than evident the 
mass movements and erosion leading to occurrence of 
slope deformations with different characteristics and 
size proportion. Appropriate conditions for the landslide 
occurrence are conditioned by relatively low permea-
bility of Paleogene, or Pre-Quaternary claystones and 
weathered clayey loams. The easy-weathering Paleo-
gene complexes form assumption conditions for the cre-
ating of thick slope deposits. The slope and Pre-quarter-
nary deposits interface is extremely favourable for the 
formation of slip surfaces and often provides very useful 
engineering geological, geotechnical and hydrogeologi-
cal conditions for activation, or reactivation of slope 
deformations (Havčo et al., 2009). 
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Tab. 6.2 Basic statistical values of input parameters 
 

  range min max average median standard deviation 

depth of slip surface z [m] 26.00 0.50 26.50 9.93 9.45 6.35 

groundwater level - maximum hvmax [m] 26.00 0.00 26.00 12.63 11.85 6.42 

effective cohesion cef [kPa] 10.00 2.00 12.00 7.28 8.00 2.13 

angle of internal friction φef [°] 15.00 13.00 28.00 17.34 17.00 2.84 

unit weight of soil  γ [ kN.m–3] 3.00 18.00 21.00 20.68 21.00 0.84 

 
6.5. Input parameters  

The input parameter maps have been created using the 
method of spatial interpolation. GIS is now very powerful 
software that supports the hazard map creation, including 
interpolation/extrapolation of the original input parame-
ters. Within the interpolation process, important are 
mainly density and distance of input data. Spatial distri-
bution of monitoring objects used as an input parameter 
for each parametric or thematic map is illustrated on Fig. 
6.3. In total, the data from 50 points (boreholes, sampling 
points) were used for the spatial analyses. These are 
summarized in Tab. 6.2. 

Principle of IDW interpolation method 

In the present paper the IDW (Inverse distance 
weighting) interpolated method was implemented in GIS 
environment. The IDW method represents the basis for 
several interpolation methods. It´s based on the linearly 
weighted combination of a set of sample points.  The es-
timates cell values are the most intense to the value that is 
closest to them and this dependency decreases with in-
creasing distance. The surface being interpolated should 
be that of a position-dependent variable. The basic geo-
statistical principle is applied - phenomena that are spatial 
closer together are more similar than phenomena that are 
more distant in space. The aim of this method is to de-
termine the weights of data values based on the men-
tioned principle. The weights are determined by simple 
function that takes into account the distance from an un-
known value - function of inverse distance h (1/h). Dis-
advantage of the method is that it cannot calculate values 
higher or lower than the values of the input data. As-
signed weights have been governed by a single spatial 
model - inverse distance modified using adequate power 
according to equation 6.3 (Hlásny, 2007): 
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ωα -  weight of value source; 
hα0 - distance from position of value point xα, to 

point  with estimated value in the position x0; 
p -  modified exponent. 

6.5.1. Slope angle 

Slope angle (rate of gradient altitude) is one of the 
main factors influencing the stability conditions of slopes. 
It determines the velocity of materials flow down the 
slope. Each slope has certain critical value of angle; the 
threshold exceedance changes the stability conditions and 
leads to sliding. This value depends mainly on the 
strength characteristics of soil forming the slope – angle 
of internal friction (φ) and cohesion (c).  

The map of slope angle was created using the ArcGIS 
Spatial Analyst tools. It was derived from digital eleva-
tion model (interval 1°) with cell size 1 x 1 m. Value of 
slope angle has been calculated as maximum rate of slope 
angle and distance between given cell and eight neigh-
bouring cells, i.e. the steepest slope has been defined - 
maximum change of calculated z-value and neighbouring 
cells (ArcGIS Desktop Help, 2014). 

The resulting input map (Fig. 6.3) showed the rela-
tively wide variability of slope angle with range from 
0.01° to 36°. In the central part of the landslide, particu-
larly in the area of the projected highway, the value of 
slope angle is relatively high. It depends upon the slope 
excavation – undercutting the slope toe. In the other parts 
the mean value of slope angle is 9.78°. 

6.5.2. Map of groundwater table level  

The groundwater table level in the Chmiňany Land-
slide is mainly bound to the near-surface zones with high 
permeability and also to the zones of weathering and 
loosening of rocks environment – zone of disruption and 
sliding. The groundwater in the Quaternary sediments is 
bound mainly to proluvial and fluvial sediments, to a 
lesser degree to weathering zone - slope sediments 
(Havčo et al., 2009). 

The hydrogeological conditions in the equation 6.1 
are accounted by calculating pore water pressure u, for 
two different scenarios, dry scenario and scenario that 
considers the maximum groundwater table level recorded 
during the landslide monitoring in the following periods: 

•   2008-2010 - irregular measuring intervals (Havčo 
et al., 2009); 

•   2011-2012 - at an average 4 time per month 
(Lukács et al., 2012); 

•   since 2013 - irregular measuring intervals (Kopec-
ký et al., 2013). 

Thus spatial distribution of the maximum ground-
water table levels results in the different accumulation 
stages of groundwater inside the landslide body. The 



Slovak Geol. Mag., 14, 1 (2014), 79 – 88 

 
 

 
84 

Fig. 6.3 Input parametric maps 
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western part is represented by block-type landslide where 
the groundwater table level is in depth more than 20 m. 
Similar situation is in the central part of the slope defor-
mation (stabilized landslide), where the average depth of 
the groundwater is approximately 14 m. The higher val-
ues of the groundwater table level were measured in the 
boreholes situated in scarp zones of partial landslides, 
especially in partial landslides localized in toes of block-
type landslides (North part of slope deformations).  

Rainfall infiltration was localized in the area south of 
the landslide. Near the scarp zones of stabilized part of the 
landslide, depth of the groundwater was less than 7 m. 
The highest oscillation of the groundwater table level was 
measured just in the boreholes situated in this part - 13.92 
m during the observation period 2008-2012 (Havčo et al., 
2009).  

6.5.3. Slip surface 

Map of slip surface (Fig. 6.3) was created based on 
the data collected from the previous engineering geologi-
cal investigations. The Chmiňany Landslide is a typical 
areal landslide which is characterized by several slip sur-
faces. Slip surfaces were created in deluvial clayey sedi-
ments in different depths. Three stages of slip surfaces 
were defined: 
•  1st depth (horizon) of slip surface: 4-6 m below terrain; 
•  2nd depth (horizon) of slip surface: 9-14 m below 
terrain; 
•  3rd depth (horizon) of slip surface: 21-23 m below 
terrain. 

Western part of the landslide is characterized by block 
failures where slip surfaces are localized in a depth of 
more than 20 m. This is defined as basal slip surface (3rd 
horizon). In this part the shallow slip surfaces absent. In 
the east part of the landslide, the all three horizons of slip 
surfaces were identified. In the central part, the basal slip 
surface was determined, which probably represents a pre-
sumed fault.  

In the landslide body, three horizons of slip surfaces 
were determined. However, just one, generalized slip 
surface has been used for the analyses. If more than one 
slip surface has been determined in a borehole, the slip 
surface closest to the terrain has been used for the calcu-
lations.  In case, when the slip surface was not deter-
mined in a borehole, the boundary between the Quater-
nary and Paleogene sediments has been accounted for 
instead.  

6.5.4. Geotechnical parametric maps 

In term of stability of slope, the geotechnical parame-
ters of soils represent the important element of rock envi-
ronment. In nature conditions the collapse of soil mass 
occurs in most cases by exceeding the shear strength of 
soils. Within the stability analysis, it is necessary to know 
the shear strength of soils, i.e. cohesion c [kPa] and angle 
of internal friction φ [°]. These parameters were obtained 
from the laboratory analyses of soil samples from slip 
surface of the landslide or numerical values were used

from technical standards (such as STN 73 1001). In the 
study area the soil near the slip surface was classified as 
eluvial deposits with character of loams and clays with 
moderate value of shears parameters; they was classified 
as F6-CI/CL. Each geotechnical parametric map is shown 
in Fig. 6.3.  

6.6. Stability models and results 

The resultant landslide hazard maps represent the 
different degree of factor of safety within the landslide 
area. Because the safety factor in the final hazard map is 
assigned as a single value in every cell of a raster map, it 
is convenient to perform a reclassification of the calcu-
lated values (Jelínek & Wagner, 2007). The resultant 
hazards maps were reclassified into five classes safety 
factor: < 0.6; 0.6-1.0; 1.0-1.25; 1.25-1.5 and > 1.5. The 
areas where the degree of FS is less than 1.0 (classes 1 
and 2) are considered as the areas with unstable condi-
tions. Areas with intervals of ranges of FS <1.0-1.25> 
and <1.25-1.5> are considered as potentially unstable and 
the areas with the degree of FS greater than 1.5 are stable. 
Factor of safety calculated for each cell according to for-
mula 1.1 and 1.2 get the following form (1.4) in a GIS 
environment:  
 

FS = ("idw_c" + (("idw_gama" * "idw_sp" * 
(Cos("slope") * Cos("slope")) - "u") * Tan("idw_fi")) / 
("idw_gama" * "idw_sp" * Sin("slope") * Cos("slope")) 
(6.4) 
 
Where: 
idw_c:  parametric map of effective cohesion com-

piled by IDW, spline and kriging method; 
idw_gama:  parametric map of the unit weight of soils 

compiled by IDW, spline and kriging 
method; 

idw_fi:  parametric map of effective angle of shear-
ing resistance of soils compiled by IDW, 
spline and kriging method; 

slope:  parametric map of slope angle 
idw_sp:  parametric map of slip surface 
u:  parametric map of pore water pressure 

calculated according to equation 6.2. 
 

The calculated values of factor of safety are generally 
used for comparison of selected scenarios or to identify 
the unstable parts of the landslide. Due to limited number 
of boreholes and their spatial distribution in the Chmi-
ňany Landslide, the most reliable values are the values 
closest to the measured ones. Final stability maps are  
illustrated on Fig. 6.4 and their comparison is listed in 
Tab. 6.3.  

The result showed that the most unstable parts in the 
final maps are situated close to partial scarp zones, espe-
cially in the active part of the slope deformation. Exactly 
in this part where undercutting of landslide toe within the 
building process of social houses (Fig. 6.5) occurred. The 
total size of the area where the factor of safety was less 
than 1 (classes 1 and 2) for scenario without the influence 
of groundwater was approximately 0.02 km2. When the
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 Fig. 6.4 Final stability maps: a, scenario of dry slope; b, scenario for maximum groundwater table level 
 
Tab. 6.3 Spatial distribution of landslide hazard represented by factor of safety value  

Scenario of dry slope Scenario of maximum groundwater level Class FS 
Area [km2] Area [%] Area [km2] Area [%] 

1 < 0.6 0.00 0.00 0.02 0.50 

2 0.6 - 1.0 0.02 0.50 0.28 7.02 

3 1.0 - 1.25 0.08 2.08 0.54 13.79 

4 1.25 - 1.5 0.19 4.94 2.99 75.94 

5 > 1.5 3.65 92.48 0.11 2.75 

 
parameter of water pressure u represented the depth of 
maximum groundwater table level enters to the analysis, 
the area of class where the FS was less than 1.0 increased 
up to 0.3 km2. The second relatively high change in de-
gree of factor of safety was within the 5th class. In the dry 
slope scenario, there was a relatively high percentage of 
stable area - 92.48%.  
 

Fig. 6.5 Active part of landslide - undercutting of landslide toe 
(photo: Kopecký, 2008, in Trangoš, 2013) 
 

As for the verification, the results of inclinometric 
measurements from August 2012 to May 2013 were used. 
Trangoš (2013) interpreted the complex assessment of 
inclinometric measurements, which are illustrated in        
Fig. 6.6. The higher activity, which was equal with stabil-

ity model for the second scenario, was measured just in 
the boreholes located near to the active part of the slope 
deformation. These were boreholes INK-7A and INK-
14N, where the deformation values reached the size of 10 
mm and more. This activity was demonstrated for shal-
low slip surfaces (to 5 m below the surface), which also 
enters to stability models. The factor of safety which has 
been calculated less than 1.0 has not been confirmed by 
inclinometric measurement in part near the main scarp 
zone. There was measured the deformation of only 1-5 
mm interpreted as low activity.  

Summary and discussion 

Since, landslide hazard assessment using the determi-
nistic method requires relatively high accuracy and vari-
ability of input parameters; it is therefore applied to the 
smaller areas with homogeneous geomorphological and 
geological conditions. According to van Westen (1993) 
this method is not suitable in small and medium scales by 
reason of absence of detailed input data, mainly data on 
physical and mechanical properties of soils and ground-
water conditions. 

GIS is very powerful tool supporting all processes of 
a map creation including the spatial interpolation of input 
parameters, data processing and analysing. The most im-
portant part of the landslide hazard assessment is the col-
lection of data and preparation of input maps. The selec- 
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Fig.6.6 The results of inclinometric measurements expressed by point values from measurements realized by FNS CU during the time 
period August 2012 - May 2013 (Trangoš, 2013) 

tion of interpolating method and its correct settings in 
GIS environment may cause a considerable subjectivity 
and an error in a preparation of input parametric maps. In 
this paper, we used the IDW interpolation method which 
has been considered as the basic interpolation method 
implemented in GIS environment. 

The final degrees of stability calculated for each cell 
in GIS environment should not be interpreted individu-
ally, but globally as a whole unit. The final degree of sta-
bility could be used for testing different instability sce-
narios and their mutual comparison.  

Using the deterministic analyses, it was possible to          
estimate the stability state of the investigated Chmiňany 
Landslide. This landslide is interesting mainly in relation 
to the construction of important highway in Slovakia 
(D1- Fričovce – Svinia section). The highway investiga-
tions provided data concerning the engineering properties 
of the soils, the groundwater conditions and other data 
necessary for the deterministic assessment. The unstable 
part (in the area of the undercut landslide toe) was calcu-
lated for both stability scenarios and which were verified  
by inclinometric measurements. Factor of safety higher 
than 1.3 was required for the highway construction, 
which represents classes 4 and 5 in the resultant hazard 
maps. Within these categories fall more than 78% and 
97% of the investigated area for the dry scenario and the 
scenario without groundwater table level, respectively. 

The area with factor of safety in an interval 1.0-1.3 has 
been considered as conditionally suitable (class 3). The 
areas with FS value less than 1.0 are unsuitable for any 
constructions. This class occupies 0.5% of the total area 
for the dry slope scenario. This percentage is higher with 
groundwater influence; it increased up to 7.5% of the 
study area. At present time the unstable part is stabilized 
and there is still realized a continuous monitoring (incli-
nometric measurements, measurements of groundwater 
table level and yields of drainage elements).  

By using the deterministic analysis it is possible to as-
sess stability of a landslide for selected scenarios, as well 
as to assess different progress of slope deformations in 
the area. 

 

Acknowledgments:  

This work was supported by the Slovak Research and De-
velopment Agency under the contracts No. APVV-0641-10, 
APVV -0330-10 as well by APVV-0129-12. 
 

References: 

ArcGIS resources, 2014: [online]. [cit. 26.04. 2014]. Available at:  
<http://blogs.esri.com/esri/arcgis/2010/10/27/understanding
-curvature-rasters/> 

Aleotti, P. & Chowdhury, R., 1999: Landslide Hazard Assess-
ment: Summary review and new perspectives. In: Bulletin 
of Engineering Geology and Environment, 58, 1, p. 21-44. 



Slovak Geol. Mag., 14, 1 (2014), 79 – 88 

 
 

 
88 

Alexander, D. E., 2008: A brief survey of GIS in mass-mo-
vement studies, with reflections on theory and methods. In: 
Geomorphology, 94, p. 261-267. 

Bednarik, M., Clerici, A., Tellini, C. & Vescovi, P., 2005:          
Using GIS GRASS in Evaluation of Landslide Susceptibil-
ity in Termina Valley in the Northern Apennines (Italy). In: 
Moser, M. (ed.): Proceedings of the Conference on Engi-
neering Geology: Forum for Young Engineering Geologists, 
Fridrich-Alexander-University of Erlangen-Nurnberg, DGGT 
Erlangen - Nurnberg, p. 19-24. 

Carrara, A., 1988: Landslide hazard mapping by statistical 
method: A “Black Box“ approach. In: Proceedings of work-
shop on natural disasters in European Mediterranean coun-
tries, Conzilio Nazionale delle Richerche, Perugia, Italy,         
p. 205-224. 

Carrara, A. & Pike, R., 2008: GIS technology and models for 
assessing landslide hazard and risk. In: Geomorphology, 94, 
p. 257-260. 

Chowdhury, R. & Flentje, P., 2003: Role of slope reliability 
analysis in landslide risk management. In: Bulletin of Engi-
neering geology and the environment, 62, 1, 41-46. 

Corominas, J. & Santacana, N., 2003: Stability analysis of the 
Vallcebre translational slide, Eastern Pyrenees (Spain) by 
means of a GIS. In: Natural hazards, 30, 3, p. 473-785. 

Dai, F. C., Lee, C. F. & Zhang, X. H., 2001: GIS – based geo-
environmental evaluation for urban land-use planning: 
a case study. In: Engineering geology, 61, p. 257-271. 

Graham, J., 1984: Methods of stability analysis. In: Brunsden, 
D. & Prior D. B. (Eds.): Slope instability. Wiley, Chiches-
ter, p. 171-215. 

Gross, P., Buček, S., Ďurkovič, T., Filo, I., Maglay, J., Ha-
louzka, R., Karoli, S., Nagy, A., Spišák, Z., Žec, B., Vozár, 
J., Borza, V., Lukáčik, E., Janočko, J., Jetel, J., Kubeš, P., 
Kováčik, M., Žáková, E., Mello, J., Polák, M., Siráňová, Z., 
Samuel, O., Snopková, P., Raková, J., Zlinská, A., Vozá-
rová, A. & Žecová, K., 1999: Vysvetlivky ku geologickej 
mape Popradskej kotliny, Hornádskej kotliny, Levočských 
vrchov, Spišsko-šarišského medzihoria, Bachurne a Šariš-
skej vrchoviny. (Explanations to geological map of Poprad-
ská and Hornádska kotlina basins, Levočské vrchy Mts., 
Spišsko-šarišské medzihorie Mts., Bachureň Mts., and Ša-
rišská vrchovina Upland). Bratislava: Geologická služba 
SR, Vyd. Dionýza Štúra, 239 p. (In Slovak). 

Guzzetti, F., Carrara, A., Cardinali, M. & Reichenbach, P., 
1999: Landslide hazard evaluation: a review of current tech-
niques and their application in a multi-scale study, central 
Italy. In.: Geomorphology, 31, 1-4, p. 181-216. 

Havčo, J., Matys, M., Bednarik, M., Žec, B., Polaščinová, E. & 
Stercz, M., 2009: Chmiňany – havarijný zosuv. Záverečná 
správa. (Chmiňany - emergency landslide. Final report-
Manuskript. Archív OÚ, Uhorská Ves, 43 p. (In Slovak). 

Hlásny, T., 2007: Geografické informačné systémy – Priesto-
rové analýzy. (Geographic Information Systems – Spatial 
Analyses). Zephyros & Národné lesnícke centrum, Lesnícky 
výskumný ústav, Zvolen, 160 p. (In Slovak). 

Jelínek, R., 2005: Deterministický prístup pri hodnotení hazardu 
ľubietovského zosuvu. (Deterministic approach in the Ľu-
bietová Landslide Hazard Assessment). In: Miner. Slov., 
Vol. 37, No. 1, p. 65-74. (In Slovak). 

Jelínek, R. & Wagner, P., 2007: Landslide hazard zonation by 
deterministic analysis (Veľká Čausa landslide area, Slova-
kia). In: Landslides, Vol. 4, No. 4, p. 339-350. 

Jurko, J., Pauditš, P. & Vlčko, J., 2005: Landslide susceptibility 
zonation using GIS statistical approach. In: Proceedings of 
the International Symposium on Latest natural disasters new 
challenges for engineering geology, geotechnics and civil 
protection, Sofia, p. 1-7. 

Kopecký, M., Bednarik, M. & Trangoš, I., 2013: Vyhodnotenie 
monitoring na lokalite S2 Chmiňany a S3 Chminianska 
Nová Ves, Záverečná správa. (Evaliation of monitoring at 
the site of S2 Chmiňany a S3 Chminianska Nová Ves, Final 
report). Manuskript. STU Bratislava, 63 p. (In Slovak). 

Lukács, M., Matejček, A. & Sklenárová, D., 2012: Výsledky 
geotechnického monitoringu 08/2012 – Inklinometrický            
a hydrogeologický monitoring. (Results of geotechnical 
monitoring - inclinometric and hydrogeologic monitoring 
Čiastková záverečná správa, Manuskript. Geofos, s.r.o.,  
Žilina, 12 p. (In Slovak). 

Matula, J. & Pašek, J., 1986: Regionálna inžinierska geológia 
ČSSR. (Regional engineering geology of Czechoslovakia). 
Bratislava, Praha: Alfa, SNTL. 295 p. (In Czech and Slovak). 

Montgomery, D. R. & Dietrich, W. E., 1994: A physically-
based model for topographic control on shallow landsliding. 
In: Water Resour. Res., Vol. 30, No. 4, p. 1153-1171. 

Nash, D., 1987: A comparative review of limit equilibrium 
methods of slope stability analysis. In: Anderson, M. G. & 
Richards K. S. (eds.): Slope stability: geotechnical engineer-
ing and geomorphology. New York: Wiley, p. 11-75. 

Nemčok, A. 1982: Zosuvy v Slovenských Karpatoch. (Land-
slides in the Slovak Carpathians). Bratislava: Veda, 320 p. 
(In Slovak). 

Pauditš, P. & Bednarik, M., 2002: Using GRASS in evaluation 
of landslide susceptibility in Handlovská kotlina basin. In: 
Ciolli, M. & Zatelli, P. (eds.): Proceedings of the Open 
source GIS - GRASS users conference 2002, Trento, Italy.  

Pauditš, P., Vlčko, J. & Jurko, J., 2005: Využívanie štatistic-
kých metód pri hodnotení náchylnosti územia na zosúvanie. 
(Statistical methods in landslide hazard assessment). Miner. 
Slov., 37, 4, p. 529-538. (In Slovak). 

Petrýdesová, L., 2012: Hodnotenie zosuvného hazardu v mode-
lovom území Hlohovec – Sereď. (Assessment of landslide 
hazard in the model territory Hlohovec - Sereď). Thesis. 
Bratislava: PriF UK, 206 p. (In Slovak). 

Terlien, M. T. J., Van Ash, T. W. J. & Westen, C. J. 1995:      
Deterministic modeling in GIS – based landslide hazard as-
sessment. In: Carrara, A. & Guzzeti, F. (eds.): Geographical 
information systems in assessing natural hazard, p. 55-77. 

Trangoš, I., 2013: Zhodnotenie monitoringu zosuvného územia 
S2 – Chmiňany v trase diaľnice D1 Fričovce – Svinia.       
(Evaluation of landslides monitoring S2 - Chmiňany in the 
trace of highway D1 Fričovce - Svinia). MSc Thesis, Brati-
slava: PriF UK, 75 p. (In Slovak). 

Van Westen, C. J., 1993: GISSIZ - Training Package for Geo-
graphic Information Systemsin Slope Instability Zonation. 
Part 1: Theory. UNESCO – International Institute for Aero-
space Survey and Earth Sciences (ITC). Project on Geo-Infor-
mation for environmentally Sound Management of Natural 
Resources (ITC Publication No. 15). Application of Geo-
graphic Information Systems to Landslide Hazard Zonation. 

Van WESTEN C. J. & TERLIEN M. T. J., 1996: An approach 
towards deterministic landslide hazard analysis in GIS, 
a case study from Manizeles (Columbia). In: Earth surface 
processes and landforms, 21, 9, p. 853 – 868. 

Van Westen, C. J., Van Duren, I., Kruse, H. M. G. & Terlien, 
M. T. J., 1993: GISSIZ - Training Package for Geographic 
Information Systems in Slope Instability Zonation. Part 2: 
Exercises. UNESCO – International Institute for Aerospace 
Survey and Earth Sciences (ITC). Project on Geo-Infor-
mation for environmentally Sound Management of Natural 
Resources (ITC Publication No. 15). Application of Geo-
graphic Information Systems to Landslide Hazard Zonation. 

Zhou, G, Esakia, T., Mitania Y., Xiea, M. & Morib J., 2003: 
Spatial probabilistic modelling of slope failure using an in-
tegrated GIS Monte Carlo simulation approach. In: Engi-
neering geology, 68, 373-386. 



Slovak Geol. Mag., 14, 1 (2014), 89 – 114 

 

 
7. Main Results of the Slope Deformations Monitoring 

 
PETER ONDREJKA

1, PETER WAGNER
2, ĽUBOMÍR PETRO

3, ANDREJ ŽILKA
1, DOMINIK BALÍK

1,                                                             
ĽUBICA IGLÁROVÁ

1
 and MAREK FRAŠTIA

4 

 
1State Geological Institute of Dionýz Štúr, Mlynská dolina 1, 817 04 Bratislava, Slovak Republic; peter.ondrejka@geology.sk 

2Bakošova 36, 841 03 Bratislava, Slovak Republic 
3State Geological Institute of Dionýz Štúr, Jesenského 8, 040 22 Košice, Slovak Republic 

4Faculty of Civil Engineering STU, Department of Geodetic Surveying, Radlinského 32, 813 68 Bratislava, Slovak Republic 
 

 
 

Abstract: The presented contribution gives brief information on 
the development and status of the slope deformations monitor-
ing in the Slovak Republic under the umbrella of the project 
Partial Monitoring System - Geological Factors. In addition to 
basic information the attention is given to study cases of moni-
toring of various types of slope failures and to the research 
achievements. At the same time the authors present the current 
state of knowledge in developing of Early Warning Systems for 
landslides. 
 

Key words: landslide, creep, monitoring of slope movements, 
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7.1. Introduction 

There is no need at all to stress the importance of 
slope deformations and their adverse effects on the de-
velopment of certain parts of our territory. Also recently - 
since 2010, more than 600 new landslides have been reg-
istered (joined with extreme rainfall totals Liščák et al., 
2010) – their severity is perceived not only by experts 
and organizations dealing with the issues of slope stabil-
ity, but also by media and the lay public. Increasing 
awareness and interest of the population for information 
related to slope failures, is confirmed by the number of 
incentives for registration of activated landslides. These 
come either directly from the threatened owners of hous-
ing estates, or personnel of local authorities or other gov-
ernment organizations. From the relatively large amount 
of landslides, which are activated through every year in 
different parts of our country, the attention is given espe-
cially to those that directly threaten or harm destructively 
the roads, housing estates, buildings or other objects im-
portant for the whole society. Naturally, these slope fail-
ures remain sensitive subjects of interest even after the 
implementation of emergency or remediation measures. 
Therefore, in these areas monitoring has been performed, 
which is adjusted to provide the available information on 
significant developments of landslide-forming factors and 
physical activity of the landslide bodies. The basic moni-
toring observations start from the launch of exploration 
and restoration works. As a rule, however, they are based 
on the observation of changes in the groundwater table 
level depth solely, or they encompass one or two stages 

of measurements of physical activity of landslide masses. 
Accounting for relatively short time-limited period of 
implementation of exploration activities, monitoring re-
sults rarely gives a comprehensive picture of the stability 
conditions of the landslide areas and their evolution.         
In many cases, after a period of remediation, or explora-
tion activities, the monitoring measurements are com-
pleted and usually maintenance of the monitoring objects 
ends up. 

Due to some changes in the overall understanding of 
the meaning and importance of long-term regular moni-
toring of slope movements sites, in 1993 the project of 
"Partial Monitoring System - Geological Factors" 
(PMSGF) was launched; the Orderer is the Ministry of 
Environment of the Slovak Republic (MoE) and the Con-
tractor is the State Geological Institute of Dionýz Štúr 
(SGIDŠ) Bratislava. The component of this project is to 
ensure regular monitoring at selected locations of slope 
movements from all over Slovakia. 

Currently, after more than 20 years of the project so-
lution the monitoring system has experienced several sig-
nificant changes. In particular, the principle of flexibility 
in the selection of monitoring sites is consistently ap-
plied, consisting in the fact that the observed sites have 
been annually complemented on new, socio-economically 
significant landslides. On the other hand, the monitoring 
intensity at long-term and stable socio-economically mi-
nor sites has decreased, or has been suspended. 

Many of the changes relate to monitoring hardware. 
Development of measuring facilities has allowed to im-
prove technically the indicators of their status and trends 
in virtually all applied methods. For example, the moni-
toring of the changes in the groundwater table level depth 
is gradually moving away from the Rang whistle meas-
urements (which is generally carried out 1 time per week) 
to continuous recording by automatic level gauges. Simi-
lar progress in technical provisions is evident also in 
some other monitoring methods (Wagner et al., 2010), 
making possible to accurately determine e.g. magnitude 
of physical activity of sliding masses. 

Relatively rich set of information has also allowed for 
certain interventions in the methods of project solution. 
Procedures for evaluating indicators have been gradually 
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developed and later optimized (Wagner et al., 2012,          
Ondrejka and Wagner, 2012), so as to best describe the 
state of development of the stability of the slope failures 
and also to be understood for wide range of end-users of 
this information. 

In the present paper the basic principles of the project 
PMSGF, subsystem 01 Landslides and Other Slope De-
formations are summarized. In the form of case studies, 
attention is paid to the most important current monitoring 
sites, representing sliding - Nižná Myšľa, creep - Košický 
Klečenov, and indications of rock fall - Banská Štiavnica. 

7.2. Actual state of the solution of the subsystem 

01 - PMSGF  

7.2.1. Selection of monitoring sites and the objectives 

of the project solutions 

The objective of the project solution was to allow the 
application of certain specific monitoring methods in or-
der to obtain a set of necessary data. Their processing 
should establish the parameters characterizing stability 
conditions of selected slope deformations. When select-
ing representative sites, number of factors has been taken 
into account. The first was the typology of slope failures. 
The monitoring system encompasses slope deformation 
of the type of sliding and creep and sites with signs of 
rock fall. The second selection criterion was based on 
regional geological division of the territory of Slovakia 
(in accordance with the engineering geological zoning of 
Slovakia - Matula and Pašek, 1986). The third, and often 
the most important criterion was the socio-economic im-
portance of the affected sites. 

Initially, the project should have solved spot sites and 
after securing a certain amount of information about the 
behaviour of individual slope failures the lessons learned 
should be extrapolated to a wider area with similar geo-
logical, geomorphological and climatic conditions. This 
intention, however, has been fulfilled only partially. It has 
been established that each individual slope failure is a 
very complicated system and approximation results to 
areas outside the monitored area hinder diversity and dif-
ferent factors weights affecting the stability of surround-
ing territories, although with similar geological and geo-
morphological settings. 

In the initial phase of sites selection the goal was to 
keep to certain proportionality between different types of 
slope movements and their presence in different engineer-
ing geological regions. The selection was focused on 
slope deformations, which constituted a threat to existing 
objects of technosphere, or to the areas of significant in-
vestment plans. Thus, the monitoring system has in-
volved sites such as Morovno settlement in Handlová (the 
first settlement in Slovakia, which was in the years 1974-
1977 consciously built on the territory affected by slope 
failures - Nemčok, 1982); landslide slope between Hlo-
hovec and Sereď (a section of a projected Waterworks 
Sereď - Hlohovec; overall width of the slide area is up to 

18 km and it is the largest frontal landslide in our territory 
- Otepka et al., 1983), the slope in the cadastre of Lip-
tovský Mikuláš (landslide, threatening traffic on the main 
railway line Žilina - Košice - Fussgänger et al., 1976) and 
many others. 

In accordance with the above principles in the course 
of the project solution a file of monitored sites was cre-
ated, which has been gradually upgraded and adapted 
according to socio-economic requirements and monitor-
ing results. Among the monitored sites the number of 
landslides was growing with implemented engineering 
geological survey and/or corrective measures. Conver-
sely, suspension, or attenuation of monitoring activities 
have experienced the sites where the measurement results 
indicated favourable long-term stability of slope. 

In assigning a slope deformation into the monitoring 
system a significant milestone in the project represents 
the year 2011, when the number of monitored sites sig-
nificantly increased. The original 14 sites were amended 
on 15 new ones which emerged in 2010. This fact has 
significantly influenced the basic criteria for the selection 
of representative sites. The socio-economic dimension of 
threatened areas has got into the forefront. The landslides 
of 2010 were generated by intense rainfall events (during 
the months of May and June 2010). The greatest concen-
tration of newly-evolved landslides was recorded in the 
eastern Slovakia. In several territories roads and railway 
communications, houses, farm buildings, and many other 
objects have been damaged or destroyed. The most mark-
edly damaged in terms of a measure of incurred losses 
was Nižná Myšľa Village. As a result of activation of 
landslide movement 38 houses had to be demolished.          
A little less unfavourable situation was reported in other 
communities (e.g. in Kapušany 11 houses were de-
stroyed).  

As a result of the inclusion of new landslides (which 
were added after 2010), currently in the subsystem Land-
slides and Other Slope Deformation 49 sites are moni-
tored (Fig. 7.1, Tab. 7.1), of which 35 are landslides, 3 
belong to the group referred to as signs of rockfall move-
ments and 4 are slowly creeping slope failures. At 6 loca-
lities processes of weathering are monitored and 1 site is 
of a special character - a stabilizing embankment of the 
catastrophic landslide of 1960 in Handlová. It is essen-
tially a stabilizing element, which is classified as a water 
management work. 

 
7.2.2. Review of recently used monitoring methods 
 

After the transition to systematic monitoring, usually 
after the measurements made in parallel with the imple-
mentation of the survey and remediation activities, rou-
tine measurements provide basic information on the 
status and activity of the landslide area. Monitoring          
activities are conducted to examine the main landslide-
forming factor - changes in groundwater table levels and 
physical activity of the landslide body. At the same time 
efficiency (yield) of drainage facilities is observed and 
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Fig. 7.1 Arrangement of monitored sites of PMSGF, subsystem 01 - Landslides and Other Slope Deformations (state of monitored 
sites in 2013; according tab. 7.1). Monitored sites of the type: I - sliding, II - creep, III - rock fall, IV - weathering, V - special (stabi-
lising fill). 
 
           Tab. 7.1  Overview of the monitoring sites of landslides and other slope deformations 

Slope movement type Geological setting Sites 

Neogene volcanites and their contact 
with Paleogene and Neogene deposits 

1. Veľká Čausa 
2. Handlová, Morovnianske sídlisko 
3. Handlová, Kunešovská cesta Street 
4. Fintice 
5. Nižná Myšľa 
6. Kapušany 
7. Handlová, Žiarska ul. Street 
8. Dolná Mičiná 
9. Ľubietová 
10. Slanec - gas pipeline 
11. Handlová - landslide of 1960 

Sediments of flysch character 

12. Okoličné 
13. Bojnice 
14. Bardejovská Zábava 
15. Ďačov 
16. Lenartov 
17. Lukov 
18. Pečovská Nová Ves 
19. Prešov, Horárska ul. Street 
20. Prešov, Pod Wilec Hôrkou 
21. Čirč 
22. Krajná Poľana 
23. Čadca 
24. Kvašov 

 
Sliding 

Neogene sediments 

25. Košice, sídlisko Dargovských hrdinov 
26. Košice, Krásna 
27. Nižná Hutka 
28. Varhaňovce 
29. Vyšný Čaj 
30. Vyšná Hutka 
31. Šenkvice 
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Slope movement type Geological setting Sites 

32. Ruská Nová Ves 
33. Petrovany 
34. Vinohrady nad Váhom 
35. Hlohovec-Posádka 

Neogene volcanites 
36. Veľká Izra 
37. Sokoľ 
38. Košický Klečenov 

 
Creep 

Sediments of flysch character 39. Jaskyňa pod Spišskou 

40. Banská Štiavnica 
Neogene volcanites 

41. Handlová-Baňa 

42. Demjata 
Sediments of flysch character 

43. Starina 

44. Slovenský raj-Pod večným dažďom 

 
Rockfall 

Rocks of Mesozoic and Pre-Mesozoic  
45. Jakub 
46. Bratislava-Železná studnička 
47. Pezinská Baba 
48. Lipovník 

Stability of water-
management work 

Anthropogeneous deposits overlying 
Quaternary and Paleogene rocks 

49. Handlová-Stabilizačný násyp                   
(Stabilisation Fill) 

 
regularly information on climate (rainfall) conditions 
(from stations SHMI) is gathered. In selected areas land-
slide deformation evolution is observed at different 
depths of the ground (method of precision inclinometer), 
as well as the development of a stress state of a landslide 
body (at depth in boreholes, changes in electromagnetic 
field emissions activity). The used monitoring methods 
are based on long traditions and are specifically designed 
for different types of slope movements. To description 
and specification of currently used, but also envisaged 
methods, attention is given in a number of already pub-
lished papers (Wagner et al., 2000; 2002; 2010; Ondrejka 
et al., 2011; Ondrejka and Wagner, 2012). Therefore, in 
this contribution we focus mainly on the summary of the 
results obtained by applying the technically most ad-
vanced monitoring facilities. 

 
Measurement of regime indicators 

 

The advent of advanced modern automatic equipment 
has offered greater accuracy and in particular higher fre-
quency of measuring of changes in groundwater table 
levels, and often their continuous recording. For example, 
changes in the groundwater table level depth, which in 
our conditions represent decisive factor in the develop-
ment of slope stability, are monitored thanks to installed 
automatic level gauges continuously for nearly two dec-
ades. Regular observation of changes in the groundwater 
table level depth is generally provided at 32 locations, of 
which only 10 are equipped with automatic level gauges. 
The equipment is thus placed within 20 piezometric 
wells. In this way the monitoring of landslide areas of the 
most socio-economic importance is ensured. The longest 
record of the depth of groundwater table level obtained 
by automatic measurement comes from the Veľká Čausa 
and Okoličné landslide sites. At these locations the 

groundwater table level has been observed by automatic 
level gauges since 1996. The largest number of sensors 
on a single location is in turn placed on the landslide 
Nižná Myšľa (4 level gauges). Sufficiently illustrative is 
an indication of the total number of records obtained by 
long-term monitoring (level gauges are set at an hourly 
rate of recording of the groundwater table level). For the 
whole period the landslide sites have collected more than 
a million data (Tab. 7.2) 

The series on changes in the groundwater table level 
depth (Fig. 7.2) allow to create perception of the regime, 
and thus on their effect on the stability conditions of 
landslide area. This knowledge is applied to create classi-
fication systems of regime indicators assessment, which 
help simplify the interpretation of the state of the indica-
tor to a wider range of users. At the same time they serve 
in the derivation of the limit levels of the groundwater 
table level depth in the development of early warning 
systems for landslides. 

 

 
 

Fig. 7.2 Results of long-term monitoring of groundwater table 
level depth in borehole JM-6 at the landslide site Dolná Mičiná. 

 
The quality of information obtained from the auto-

matic level gauges is considerably higher than that of the 
conventional measurements performed at longer inter-
vals. Fig. 7.3 shows a comparison of continuous measure-
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Tab. 7.2 Landslide sites with installed automatic piezometric gauges 

Site 
Well  

designation 
Date  

of installation 
Measurement  
termination 

Note 

J-1 14.06.96  On 6.11.07 former piezometer was replaced by MARS 4i type 
JH-29 14.06.96 15.05.2002  Okoličné 
AH-2 12.10.05  Early Warning System (MARS 5i) 
VČ-2 07.11.96  
VČ-8 07.11.96  

On 23.4.08 former piezometer was replaced by MARS 4i type 
Veľká Čausa 

AH-1 11.10.05  Early Warning System (MARS 5i) 
JM-19 16.04.02 23.04.2009  

Dolná Mičiná 
JM-6 16.04.02   
P-17 21.11.03   Handlová-

Morov. sídlisko P-19 21.11.03   
J-10 14.05.03 24.3.2012 
J-19 15.05.03 24.3.2012 Liptovská Mara 
J-5 18.06.09 24.3.2012 

Automatic piezometer gauges in 12 wells 

K-1a 27.04.05   
Fintice 

K-2a 27.04.05   
JV-17 12.02.13   
JV-22 12.02.13   
JV-44 12.02.13   

Nižná Myšľa 

JV-54 12.02.13   
V-POZ-3 11.02.13 21.08.13  

Kapušany 
V-POZ-1 30.09.13   
PVZS-1 19.04.12   
PVZS-2 03.05.11   Šenkvice 
PVZS-3 03.05.11   
JH-3 30.09.13   Prešov- 

Horárska ul. JH-4 05.12.12 30.09.13  
Krajná Poľana KP-1 01.10.13   

 

Fig. 7.3 Comparison of results of monitoring of groundwater 
table level with different frequency in borehole JM-6 at the 
landslide site Dolná Mičiná. a - continuous measurements using 
automatic piezometers, b - weekly frequency, c - monthly fre-
quency of measurements 
 
ments with the results obtained during cycles of field 
measurements carried out by observers (with weekly and 
monthly frequency). The above example clearly docu-

ments the differences between the quality of information 
obtained. The monthly measurement doesn’t reflect the 
dynamics, or cyclical changes in the groundwater table 
level. 

In order to evaluate the stability of the landslide area  
a great asset is to obtain information on the levels devel-
opment in several aquifers (Fig. 7.4). Such solutions, 
however, allow only the placement of automatic level 
gauges in a pair of wells, which depict various groundwa-
ter horizons.  

Although in the process of evaluating the stability 
conditions we are almost exclusively focused in the 
changes of the groundwater table level depth, in certain 
cases it is necessary to analyze the information on the 
development of groundwater temperature changes and 
specifically, to determine the origin of groundwater. 
The example (Fig. 7.5) clearly shows a close relation-
ship between recharge of groundwater and its tempera-
ture changes. In the first part of the graph, about the mid 
of May, increase of the groundwater table level leads to 
a drop in its tem-perature. On the contrary, over the next 
five months, the rise of groundwater table level causes 
an increase in its temperature. The demonstration of this 
fact was of great importance in the derivation of the re-
lationship between changes in the groundwater table 
level depth and physical activity of the landslide 
masses, which we studied using a stationary inclinome-
ter (Ondrejka et al., 2011). 
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Fig. 7.4 Example of monitoring of two horizons of groundwater 
in the landslide area of Šenkvice. 1 - borehole PVZS-2, 2 - bore-
hole PVZS-3 

Fig. 7.5 Relation between change in groundwater table level 
depth and change in its temperature 

 
Recently, among the most progressive equipment that 

we use in the monitoring of slope deformations, are 
automatic level gauges working in online mode, which 
allow adjustment of critical values for several parameters. 
After reaching, or exceeding a certain defined threshold 
value, the system automatically generates a SMS message 
via the GSM network and delivers the warning to pre-
defined phone numbers. The main studied factor, based 
on which warnings are generated, are the groundwater 
table level depths. At the same time a gradient in changes 
of the groundwater table level depth is evaluated. Simi-
larly, with integrated rain gauge, there are considered the 
intensity and the size of total rainfall. The equipment is 
currently installed at the landslide location Veľká Čausa 
and serves as landslide early warning system. 

The calculation of the direct benefits of using auto-
matic level gauges would be quite extensive. There can 
be mentioned, for example, the elimination of subjective 
effects in the implementation of field measurements by 
observers or reduction in costs for measurements made. 
Nevertheless, in addition to all the positives the limita-
tions in the use of these devices should be also noted. 
These are problems related to the installation of the level 
gauges and the prevention against damage. Finally, it is 
necessary to address the question whether this expensive 
equipment is convenient for a geological setting at a site 
(as in the case of landslide bodies built predominantly by 
clayey material). During many years of experience in 
solving the project of PMSGF there have occurred the 
cases where relatively expensive automatic level gauges 
did not yield the expected results. Changes in the ground-
water table levels were minimum due to the very low 
coefficient of filtration of surrounding rocks (e.g., during 

the years of monitoring at the landslide site Kapušany in 
borehole V-POZ-3 the amplitude change was only 0.02 
meters). For this reason, in the slide areas pore pressure 
sensors are gradually begin to be used. The most com-
monly used are piezometers to measure pore water pres-
sure (Thut and Gróf, 2010). 

For yet not-fulfilled objective of the project can be re-
garded ensuring a continuous monitoring of changes in 
the yield of drainage facilities. This information should 
clarify ideas about the run-off situation of a slide area and 
should provide quantitative data on the effectiveness of 
the established depth drainage. 

 
Measurement of kinematic activity of landslide areas  
 

This issue has recently seen very significant progress. 
In addition to traditional methods, which are based on 
direct measurements of displacements and deformations, 
there have been recently developed a variety of methods 
based on remote sensing (Wagner et al., 2010). In the 
PMSGF project solution primarily used are geodetic sur-
veying (terrestrial and GNSS), inclinometer, dilatometer 
and photogrammetric measurement methods. This fact is 
mainly conditioned by the need to detect very small 
changes in magnitude of the order of millimetre, maxi-
mum changes at the first centimetres. In the sphere of 
slope movements monitoring of the sliding type the most 
commonly applied are methods of surveying and incli-
nometer. Others mentioned methods are applied to moni-
tor the movements of rock mass (signs of rockfall move-
ments - dilatometric and photogrammetric measurements; 
slow creeping movement of rock blocks - measurement 
by optical dilatometer - TM-71). The results of these 
measurements are summarized in Chapter 7.3. 

In the issue of movement monitoring there can be 
considered a significant advance in trial run stationary 
inclinometers (provided by Geoexperts, ltd.). For about 
one-year of operation (March 2009 - July 2010) deforma-
tions were documented at the level of the shear surface 
within the landslide area in the village of Veľká Čausa 
(Ondrejka et al., 2011). The data obtained illustrate the 
idea of the evolution of deformation, which had been 
possible to observe in the past only in stages, about once 
a year. The stationary inclinometer enables to obtain a 
perfect picture of the daily values of deformation, which 
clearly point to the fact that the movement of the land-
slide mass occurs only under certain conditions. In this 
case, the movement has been directly related to the 
changes in the groundwater table levels. When there were 
no changes in the groundwater table level depth, the land 
slide slope was in a relatively stable state. The above 
knowledge has contributed significantly to the creation of 
an early warning system (this topic more attention is 
given in Chap. 7.4), but also gave an impetus to funda-
mental changes in the classification assessment of physi-
cal activity (Wagner et al., 2012). 

In geodetic methods-based monitoring of physical        
activities in addition to terrestrial measurements rapidly
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Fig. 7.6 Map of the landslide area in the cadastre of Veľká Čausa with indicated vectors of geodetic points shifts. 1 - active landslide 
area, 2 - potential landslide area (older landslides), 3 - detached blocks of volcanites, 4 - network of geodetic points, 5 - vectors of 
horizontal shift of geodetic points measured in May 2011, 6 - vectors of horizontal shift of geodetic points measured in May 2012 

 
developing GNSS technology is increasingly used. To its 
development contributes an improvement of satellite 
navigation systems, but also user-friendly operation and 
high precision, adequate to monitoring needs. The above 
arguments contributed to the fact that since 2008, the pro-
ject specialists have been directly involved in the realiza-
tion of the monitoring measurements of physical activity 
using GNSS equipment. Similarly to using a stationary 
inclinometer, even in this case, the increase in the fre-
quency of monitoring has enabled to clarify the idea of 
physical activity. In localities with high social importance 
the measurements are performed at least once a year (up 
to three times a year) and at the localities in which the 
long-term favourable stability condition was identified, 
measurements are made every two years. 
Like the other measurements, during the PMSGF project 
solution the GNSS measurements collected a rich data set 
that provides room for various analyzes. When evaluating 
the measured vectors the attention is preferentially fo-
cused in orientation of azimuths of measured vectors that 
help shed light on the mechanism of landslide movement. 
However, the analysis highlighted the problems which 
caused some uncertainty in interpreting the results, since 
they have not coincided with the basic knowledge on the 
functioning of slope movements. In analyzing the results 
of geodetic measurements it has been shown that the azi-

muth vectors recorded at different times, in several cases 
differ significantly. As it is apparent from Fig. 7.6, in 
some cases the difference is close to 180°. When search-
ing for an explanation of this problem we used the defini-
tion of landslides, which states that the landslide move-
ment is a result of gravitational forces. From this it 
follows that the vectors orientation must always be close 
to down-slope. Significant differences in the orientation 
of the recorded vectors thus indicate that the measured 
shifts are not only directly related to the actual slope 
movements, but can also be influenced by changes in the 
inclination of the observation point (geodetic pillar). This 
theory is generally unknown, even among experts in the 
field of geodesy, carrying out monitoring measurements 
of landslides. We therefore assume that the measurement 
vector is the result of a combination of different move-
ments in terms of Fig. 7.7. In the case of measured vec-
tors the component magnitude is, however, questionable, 
which is related to the actual manifestations of slope 
movement. This question can not be answered without 
direct measurement of changes in the inclination of the 
monitoring pillar. Therefore, the developed methodology 
of inclinometric probe (Fig. 7.8) allows us to track down 
the changes in monitoring pillars inclination with 0,001 
sinus angle accuracy. The carried out measurements indi-
cate that the prepared methodology will contribute to bet-
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Fig. 7.7 Assumed change in angle of geodetic pillar. a - without change, b - shift in fall-line direction, c - change in angle in fall-line 
direction, d - change in angle  against fall-line direction with ascending vertical change, e - change in angle against fall-line direc-
tion with descending vertical change; 1 - geodetic pillar (point), 2 - deformation acting below surface, 3 - observed change in posi-
tion between measurements periods 

 
ter interpret the results of geodetic measurements, but for 
the final and comprehensive solution of a proper evalua-
tion of these measurements wide range of issues need to 
be solved, e.g. the method and depth of stabilization of 
geodetic points, changes in moisture content of the aera-
tion zone and the impact of these changes on soil consis-
tency changes in the installed survey pillar, etc. Address-
ing this issue requires a longer period of time, therefore 
the results will be presented in subsequent stages of the 
project solution. 

Fig. 7.8 Principle of measurements of change in angle of geo-
detic pillars by inclinometric probe 

 
Ways of results processing and assessment 

 

When processing the results of individual measure-
ments, the focus is on their evaluating over time. This 
means that for greater transparency and clarity the meas-
ured value is primarily expressed through individual steps, 
which are based on special purpose classifications, thus 
allowing to assess promptly the significance of the meas-
ured variables in terms of the current state of stability in 
place of the measured object. Basic assessment scales 

consist of three stages, the first one is characterized by     
a stable condition, the second one expresses mild to mod-
erate signs of activity, and the third one displays signifi-
cant activity, leading to slope instability. 

The grading scales are set in a way, which enables to 
assess all the observed parameters. Some of them are 
based on the results of long-term monitoring of changes in 
observed indicators. In this way the changes in the 
groundwater table level depth are evaluated and physical 
activity measured by precision inclinometer and geodetic 
survey (these are separate classification systems - Wagner 
et al., 2012; Ondrejka and Wagner, 2012). 

However, there is a group of indicators for which it 
was necessary to create a purpose-made classification 
scale, for example, when evaluating the yield of drainage 
facilities, where the degree of "friendliness" to the stabil-
ity of the landslide area is not unequivocal. For the eva-
luation of this parameter there was introduced three-stage 
classification based on conventionally defined stages of 
average yield of the observed object during the reporting 
period. Similarly, even when interpreting the results of 
activity measurements of the field pulse electromagnetic 
emissions, a method was examined that accurately reflects 
the relationship between the measured values and the sta-
bility conditions in the facility. 

During the solution of PMSGF different ways of      
assessing indicators have been evolved. This is related to 
the increasing degree of understanding relationships 
among the components, affecting the resulting stability of 
the landslide environment. 

 
7.3.   The most significant actual results                  

of the PMSGF solution 
 
During the PMSGF solution every year at all monitor-

ing sites observations of selected factors are evaluated. 
These results are presented in several ways. They are pri-
marily processed in a report, which is published on the 
internet http://dionysos.gssr.sk/cmsgf/. In the event of sig-
nificant facts these are immediately brought to the atten-
tion of government authorities and all relevant orga-
nizations. With this practice we have managed to provide 
improved stability condition for several landslide sites 
(Wagner et al., 2010). 
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In the following text, the contribution of three separate 
case studies, which are represented by different types of 
slope failures, we try to present the complexity and func-
tionality of the monitoring system. 
 

7.3.1. Nižná Myšľa Site 
 

In June 2010, in the Nižná Myšľa Village a landslide 
has been generated, which is ranked due to the extent of 
damage among the most devastating slope failures recor-
ded in our area since 1960. Besides extensive material 
damage equalling to millions €, many families have be-
come homeless. Due to the extremely negative economic-
social aspect several stabilization phases have been car-
ried out to ensure the area remediation. 

 

Geomorphological and geological conditions 
 

The landslide area is located in the southern part of the 
Košice Basin, at the southern tip of Torysa Downs – Var-
haňovce Ridge. The Village is situated between two rivers, 
on the East Olšava and on the West Hornád. The emer-
gency landslide has been activated directly within the ca-
dastre of Nižná Myšľa (Fig. 7.9). 

Wider vicinity of the landslide area is formed by Neo-
gene and Quaternary sediments. The Neogene deposits are 
represented mainly by Stretava Formation, which consists 
of clays, sands and tuffs (Kaličiak et al., 1996). The Stre-
tava Formation builds up the eastern slopes of the village. 
The foot of the slope in the southern part of the village is 
made up of Neogene redeposited tuffs and volcanic epi-

 Fig. 7.9 Situation of the landslide area in the Nižná Myšľa Village. A - monitoring network of inclinometric boreholes, B – moni-
toring network of piezometric boreholes 
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clastic sandstones. The Quaternary sediments are formed 
by landslide deluvia, covering the slopes of the Neogene 
hummock, and fluvial sediments that fill the river valley 
of Olšava and extensive alluvial floodplain of the Hornád 
River. From the hydrological point of view the Neogene 
sediments form a structure in which an alternation of aq-
uifers and aquicludes leads to occurrence of groundwater 
table level with a confined character. This fact is reflected 
adversely on the stability conditions of the area. 

The potential for slope deformations in the Varha-
ňovce Ridge is well known to geological public. In the 
scope of the SGIDŠ research of geological environmental 
factors, within subproject Engineering Geological Re-
search for Optimal Land Use and Environmental Protec-
tion during inventory of slope deformations the landslide 
in Nižná Myšľa was mapped in 1991 (Fig. 7.10; Modlitba 
et al., 1991). The author of the map (Spišák in Modlitba et 
al., 1991) described the site as follows: the area between 
Varhaňovce, Ortáše and Kecerovské Pekľany is a huge 
complex made of epiclastic facies of the peripheral zone 
of the Slanské vrchy Mts. stratovolcano. These solid, rigid 
rocks overlay soft, plastic clayey sediments of Sarmatian. 
Gradual depth erosion has exposed a contact between 
these two different complexes and has created favourable 
conditions for the subsequent deformation of both epiclas-
tic rocks, as well as the clayey sediments (Modlitba et al., 
1988). In 1985 within the landslide area engineering geo-
logical exploration of the slope deformation which threat-
ened cemetery in the northern part of the village, was con-
ducted (Ondrejka, 1985). 

The above authors identified as an important factor 
for reactivation of landslide processes the interaction 
between anomalous precipitations with untreated runoff 
conditions. By precipitation station of the SHMI Košice 
- Airport the anomalous atmospheric precipitations on 
the territory Nižná Myšľa were recurrent. The anomaly 
of 2010 (200 up to 300% of long-term normal) resulted 
in reactivation of the largest landslide in Nižná Myšľa so 
far. Considerable share in the reactivation have had also 
improper anthropogenic interventions in the form of 
various construction impacts, and leaky septic tanks and 
cesspits. 

The first signs of reactivation of landslides were re-
ported from 1 to 4 June 2010. Finally, they led to the mas-
sive failures in housing, water, gas, power lines, roads and 
sanitation (29 houses had to be demolished, Fig. 7.11). 

Immediately after the landslide generation a Crisis 
Staff was convened and subsequently indicative engineer-
ing geological survey was realized in which they initial 
immediate remedial actions were made.  

Monitoring measurements are focused in observation 
of movement by method of precision inclinometer and 
groundwater regime (measurements of the groundwater 
table level depth and yield of drainage wells). Systematic 
monitoring of the site started in 2011. Initially, attention 
was paid to monitoring of kinematic activity (inclinomet-
ry) in the most critical parts of the slide area. With enlar-
ged number of monitoring objects, which were built du-

ring the remediation of the landslide area (2012), the 
volume of information on the most significant landslide-
forming factor - the depth of the groundwater level - in-
creased. Currently, the site monitoring network consists of 
21 inclinometric and 56 piezometric wells. 

 

 
Fig. 7.10 Detail of the map sheet ZM 38-31-06 (Spišák in Mod-
litba et al., 1991) 

Fig. 7.11 Village road destroyed by landslide 
 

The inclinometer measurements are carried out regu-
larly three times a year. The groundwater regime is moni-
tored with a weekly frequency. In addition to regular 
monitoring activities automatic level gauges are installed 
in the most vulnerable areas, which provide a continuous 
record of changes in the groundwater table level depth. At
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Fig. 7.13 Course of deformation in inclinometric borehole 

 

the same time, the discharge of all constructed drainage 
wells is monitored. 

Climatic and regime factors. Currently, after approxi-
mately three-year period of monitoring of landslide-for-
ming factors, it can be stated that the landslide area is ex-

tremely sensitive to changes in precipi-
tation totals. 

Fig. 7.12a shows cumulative rainfall 
totals recorded between 2011 and 2013 
SHMI station, which is located in the 
neighbouring Čaňa cadastral territory 
(southwest of the village Nižná Myšľa). 
From the comparison of the development 
of cumulative precipitation during the 
winter and spring months (for each year) 
follows, that in 2013 the measured rain-
fall totals increased (Fig. 7.12b). 

In the synergic effect of the melting 
snow cover significantly increased the 
groundwater table level. In several parts 
of the slide area the groundwater level 
reached the terrain surface.  

Inclinometer measurements. Adverse 
stability conditions in 2013 were also 
reflected in the results of kinematic acti-
vity monitored by precision inclinometer. 
During the first two stages of measure-
ments (April and August) there were 
recorded on the shear plane extremely 
high levels of deformation. For example, 
in the territory above the Elementary 
School (well INM-6 - Fig. 7.13), but 
also in the southern part of the 
Varheďná ul. Street (borehole INK-32) 
there were measured deformations of 10 
mm. Both cases represent the areas 
without implemented remedial meas-
ures. In the borehole INM-6 (Fig. 7.13) 
there can be observed deformation of 
inclinometer casing in three different 
depth horizons (slip planes). The most 
striking of them is located at a depth of 
14.5 meters below the surface. In 2012 
there were measured on the slip surface 
deformation vectors in the range of 0.85 
to 1.65 mm. These relatively low values 
are a result of favourable climatic condi-
tions in 2011 and the first half of 2012. 
In this period similar stability devel-
opment was observed also in other parts 
of the slide area; the only exceptions 
were wells near Obchodná ul. Street (in 
borehole INM-2), Hlboká ul. Street 
(INM-5) and virtually the entire south-
ern part of the slide area. 
 

 

7.3.2. Results of long-term monitoring at the site 

Banská Štiavnica 
 

   Geomorphological and geological conditions 
 

The monitored site is located in the two-sided road cut 
of the state road No. 524, in a communication bypass of 
Banská Štiavnica towards Štiavnické Bane. The territory 

Fig. 7.12 Precipitation totals of the SHMI station Čaňa. a - cumulative yearly precipi-
tation totals in the years 2011 to 2013, b - cumulative monthly precipitation totals in the 
year 2013  
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belongs to the Štiavnické vrchy Mts. According to the 
engineering geological division of the Western Carpathi-
ans (Matula, Pašek, 1986) the territory is included in the 
region of Neovolcanites, the Areas of Volcanic High-
lands. The geological setting of the site in the wider area 
is quite complicated due to contact of more resistant varie-
ties of pyroxenic andesite with less durable hornblende-
biotite andesite. The andesites are strongly faulted and in 
conjunction with the ore mineralization they are affected by 
various degrees of hydrothermal alteration, which caused 
significant disruption of the structure of rocks, minerals 
alterations, distortion of the original bonds in the rock mas-
sif. The monitored roadcut of a length of about 80 m and 
height up to 8 m exposes a typical rockmassif; other cuts 
are affected by diverse disintegration of rocks from the de-
composition and disintegration of structures on the blocks 
up to crumbling of rock mass into fragments and scree. The 
most intense manifestations of disintegration are bound to 
hydrothermal and tectonic weakening of the massif. 

The monitoring takes place in the eastern part of the 
roadcut, consisting of massive clinopyroxene-andesite 
porphyry. In the western side of the slit, supported by  
protective wall, hydrothermally and tectonically affected 
argillitized andesite is exposed. During the construction of 
the protective wall the rock mass was seemingly solid, 
after its exposure it began to degrade progressively. Pri-
mary loosening of the rock mass is connected with its 
massive tectonic-erosion restrain during the development 
of the morphological forms (valleys, etc.). The anthropo-
genic interference with blast-works caused further cracks 
opening leading to penetration of exogenous factors and 
uneven break up of internal bonds in the massif, which 
was associated with changes in the lithological composi-
tion of the rocks and manifested in two ways: 

• Loosening of rigid massif and gravitational release 
of blocks and fragments of different dimensions;  

• Complete disintegration of rocks into zones of soil 
character along the intense tectonic and hydrothermal al-
teration horizons.  

• The massif’s stability is reduced by the effect of 
groundwater:  

• Effects of alternating cycles of freezing and melt-
ing, thereby increasing the volume of the massif in near-
surface zone;  

• Leaching of crevasse-fill binder,  
• Wedge effect of frozen water saturated surface 

layer in the forehead of slopes in winter. 
The rock mass is highly dissected by irregular network 

of discontinuities. The collection of structural data enabled 
to analyze grouping of discontinuities into systems            
(Fig. 7.14). In the lower part of the massif the orientation 
of discontinuities was determined by direct field measure-
ments and the inaccessible parts of the massif were 
scanned by ground photogrammetry. 

The primary separation of the massif by fissures are 
caused by cooling of volcanic bodies which are continu-
ous and their orientation is 20°-40°/30°-50°. They form 
subhorizontal benches 30 to 80 cm thick.  

Regional tectonic disposition copies three tectonic dis-
continuities systems: 

• System of persistent discontinuities with similar 
orientation as the wall of the roadcut 100°-140°/70°-89° is 
a manifestation of a regional fault systems NNE-SSW;  

• A system of relatively flat persistent discontinuities 
that are approximately perpendicular to the front cracks and 
parallel to the wall of the roadcut; the aspect is 170°-220°/ 
35°-60° and represents a regional system WNW-ESE;  

• Widely dispersed system oriented 140°-170°/60°-
80° and the antislope one 320°-350°/60°- 85° which fol-
lows a regional system NE-SW.  

The slope of the discontinuities is subvertical, locally 
the joints of a smaller angle are also present. To these 
zones of the massif’s weakening the processes of erosion 
and release, blocks and debris are bound. 

The next system of discontinuities 240°-300°/30°-50°, 
which is not affiliated to the regional tectonic systems, is 
relatively flat, oriented diagonally to the roadcut wall. 
Within the massif other unsystematically arranged tec-
tonic fissures are frequent, along with weathering and 
stress-release cracks, typical to volcanic rock. 

Fig. 7.14 Discontinuity diagram of spatial orientation of discon-
tinuities from field measurements (left) and by ground-based 
photogrammetry (right) 
 

Methods of monitoring 

 

Since 2004 the monitoring is based on two methods – 
photogrammetry and dilatometry. 

Long-term monitoring by terrestrial photogrammetry 
methods assumes each epoch measurement in identical co-
ordinate system - a network of control points. The network 
consists of 5 points stabilized by nails installed in the curb 
of the road where there is no presumption of horizontal and 
vertical changes. In every epoch position stability of these 
points is verified, using conformity transformation. The 
residues on points after the transformation document even-
tual change in the position of these points and, on the con-
trary, their stability. In the long-term the residues are rang-
ing max. up to 2 mm, which corresponds to the accuracy of 
the measurement and does not show a statistically signifi-
cant change. Height stability verified by trigonometric 
measuring does not manifest any significant changes.  

Spot measurements (observation of the upper edge 

of the roadcut). The observed points form a reflective 
film stabilized on the posts of the fence above the upper 
edge of the incision. The spatial accuracy of these points 
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is better than 3 mm. All the geodetic measurements are 
carried out by universal measuring station TS30 with the 
measurement accuracy of lengths 1 mm + 0.5 ppm and 
angles 1cc. The Tab. 7.3 documents positional (tilt and 

shift) and the height activity of the fence posts at points 
3006, 3007 and 3071 (Fig. 7.15), near vertical profiles 
No.5 and 6. Other points have not shown statistically sig-
nificant shifts. 

 
Tab. 7.3 Shifts of control points installed on fence at the upper edge of the roadcut 
 

Difference  
March 2011 - September 2011 

Difference  
September 2011 - September 2013   

dX [mm] dY [mm] dZ [mm] dX [mm] dY [mm] dZ [mm] 

3031 -1,8 -2,1 -1,1 5,1 0,7 -2,8 

3041 -1,4 -1,6 -0,7 - - - 

3006 -61,6 -11,8 -2,7 - - - 

3007 -11,2 2,9 0,0 -5,1 19,2 -5,3 

3071 -6,1 2,1 -0,9 3,1 10,5 -5,2 

3008 -0,4 -0,4 -0,3 2,6 -1,8 -1,5 

       

3081 -1,5 0,2 -0,6 0,9 -0,2 -1,8 

3009 -2,8 3,0 -1,4 -3,7 1,0 -2,7 

3091 -1,5 1,8 -0,2 -1,1 0,6 -0,1 

 

 

Fig. 7.15 Arrangement of control points and points on fence (atop). Yellow frame indicates the detail on the Fig. 7.16 
 

Area monitoring. In 2011 and 2013 in the roadcut 
photogrammetric method of image scanning was applied, 
because previous experiments indicated high spatial accu-
racy of the rock surface mXYZ <± 5 mm.  

To transformation to a coordinate reference system 
served control points placed in the roadcut. These were 
determined by the geodetic survey with space accuracy of 
2-3 mm using universal measuring station. The scanning 
was made from images with a resolution of 1 pixel ~ 3 
mm. Like the laser scanning, the image scanning provides 
a detailed areal recording of a surface with high density 
and precision. This makes it possible to observe a roadcut 
throughout all profiles. A problem to tackle is vegetation 
cover (grass, shrubs, trees). The scanning was carried by 
mid-format LEAF Aptus Mamyia digital camera with digi-
tal back Leaf Aptus II-7 and PhaseOne lens with a focal 

length of 45 mm. The camera was pre-calibrated at the 
Testing and calibration polygon of the Department of Geo-
detic Surveying, FCE STU Bratislava and consequent full 
calibration was carried out during the image processing. 

The result of the scan is a cloud of points or a network 
of irregular triangles - TIN model (Fig. 7.16). 

The areal monitoring enables a comprehensive docu-
mentation of the roadcut by comparing (different) epochs 
of imaging, either in individual axes of the coordinate 
system, planes or by 3D comparison. The result may be a 
colour difference model, where the colour gradation re-
flects the size difference (Fig. 7.17). Such a differential 
model provides immediate information about the major 
changes throughout the roadcut. Specific approach is 
needed in evaluating the locations covered by vegetation, 
shaded areas and on the edges and any significant chan-
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Fig. 7.16 Cloud of points (left) and detail of TIN model (right) 
 

Fig. 7.17. 3D difference model of the period 2011-2013. Green colour highlights the difference of ± 3mm, in blue the loss of material 
up to –0,40 m, in red increment of material (accumulation of scree, fallen blocks, vegetation), in grey - difference model was not 
calculated because of missing data  
 
ges have to be visually verified on the original picture or 
detailed orthophotomosaic. 

Profile measurements. Historically oldest method ap-
plied was analogue, then digital stereophotogrammetric 
profiles measurement (Fig. 7.18), which has been applied 
at the site since 2004. Currently, the profiles are not meas-
ured directly, but are extracted from planes cuts of the TIN 
model (Fig. 7.16) created by image or laser scanning. 
Within the profile various types of terrain alternate (rock, 
rubble, loam and grass), whereas these types of roadcut 
surface affect the quality of the generated sur- faces. The 
most accurate surface is generated from images of bare 
rock surface. Another factor that has a significant influence 
on the final accuracy is the slope of the terrain. In the verti-
cal profile uncertainty grows in the direction of observation 
(X-axis) on surfaces which diverge horizontally or verti-

cally off the frame plane. Small uncertainty in the profile 
stationing can cause relatively large uncertainty in the 
depth (X-axis). This effect can be significantly manifested 
provided a diversion is greater than 50°. Therefore, it is 
vital to take into account the slope of the terrain against the 
time baseline in the process of the stability determining 
(change vs precision). The accuracy of the profiles in the 
reference coordinate system X, Y, Z depends on: 

• The size of a pixel on the object (GSD - ground 
sampling distance = 4 mm);  

• Baseline ratio (0.2);  
• The accuracy of the reference coordinates of con-

trol points (1 mm);  
• Method of control points definition (perspective 

transformation);  
• Surface texture (satisfactory texture);  
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Fig. 7.18 Arrangement of monitored profiles and points in the roadcut near Banská Štiavnica. PF1 to PF8 - profiles of stereophoto-
grammetric measurements, points B1 to B5 for measurements by dilatometer Somet, S1 to S4 for dilatometric measurements by 
Vernier gauge, Z1 - Z1´ pins for mounting of gauge for micromorphologic changes measurements. 
 

• The accuracy of the surface reconstruction (step 1 
pixel, sub-pixel interpolation);  

• Snapshot quality material (using digital wall). 
For the above data we obtain the spatial accuracy of the 

reconstructed mXYZ pure rock surface greater than 5 mm. 
The disadvantage of the profile measurement is that it 
does not describe the whole surface of the roadcut and, 
consequently, the changes outside of these profiles. Com-
paring the profiles of the different epochs of monitoring 
minor changes were observed in the bottom of the pro-
files 3, 4, 7, and 8. The blocks loosening from the top of 
the slope indicates a change in the profiles No. 6 and 5. 
The largest overall configuration changes are observed on  
the slope profile no.1. The instability of the first roadcut 
of this profile is observed for a long period of time (Figs. 
7.18 and 7.19) and also a method of areal monitoring has 
identified loss of the material in this part of the slope 
(Fig. 7.17 - blue areas on the left side of the roadcut). 

Dilatometric measurements have been carried out on 
two spots, installed in the southern part of the slope (Fig. 
7.18). The blocks, separated by a distinct discontinuity, 
are equipped with fixed measuring points for dilatometric 
observations of loosened blocks movement. The observed 
parameter is the distance between points installed in the 
massif – the points placed in the stable part of the roadcut 
and loose rock block separated by persistent disconti-
nuity. At the first stand margins are monitored between 
the points separated by a discontinuity with the aspect 
326°/44° (the point B1 is on the same block and the 

points B2 and B3 on the second one). On the second 
stand the distance between the points B4 and B5 is meas-
ured, placed on the blocks, separated by a discontinuity 
with the aspect 350°/50°. The measurements are carried 
by portable rod-type SOMET device. Despite the quality 
design of the device made of invar material the measure-
ments are very sensitive to the conditions of data collec-
tion. The obtained values of the distance of two points are 
therefore subsequently corrected at various stages of 
monitoring by adjustment to the measured distance be-
tween two stable points located on a single rock formation 
with an intact structure, which is regarded as fixed. Since 
the beginning of monitoring on both stands there has been 
observed the trend of slow disintegration of rock blocks. 

The development of changes in the distance among 
the points measured by the dilatometer Somet since 2001 
is shown in Fig. 7.20. In 2013, the disintegration of the 
monitored block at the stand 1 has been slightly intensi-
fied, with observed shift in the annual cycle of monito-
ring (since 2012) of 0.23 mm between the points B1-B2. 
On another block (stand 2, points B4-B5) the displa-
cement of 0.26 mm was observed during the annual cycle 
of monitoring. The observed increase in loosening blocks 
B1-B2 is intensifying since 2007 and since 2010 between 
the points B4-B5. In the period from the beginning of moni-
toring in 2001 till November 2013 the increase of the rela-
tive distances between separate blocks reached 1.505 mm at 
the stand (points B1-B2) and 1.10 mm at the stand 2 (points 
B4-B5).  
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Fig. 7.19 Profile in the stationing –17,5m from the years 2004, 2010 
and 2011 

On the same rock blocks as a benchmark points for 
Somet device measuring points S1 to S4 are installed for 
measuring shifts between two separate blocks by Vernier 
depth gauge (the arrangement of the measurement is in 
Fig. 7.18). Trends in the values measured by the gauge 
confirm slow loosening of the rock mass. 

Until 2008, the measurements of micromorphological 
changes in the surface of the rock massif had been carried 
out, focused in the weathering process in the slope of the 
roadcut (Fig. 7.18). The profile was abandoned after de-
nudation of the fixed rods. 

  Long-term monitoring of the rock massif in the 
roadcut has confirmed the activity especially in the 
upper part and the top edge, as illustrated by the 
instability of the fence posts and constant rockfall of 
smaller blocks from the top. On the contrary, at the 
slope heel the fallen rock and debris are accumu-
lated.  
 

7.3.3. Results of the long-term monitoring at the 

 site Košický Klečenov 
 

The volcanic mountain ranges belong to the areas 
with the highest incidence of slope deformations in 
Slovakia. The most numerous and the most 
widespread are landslides of various types, less 
frequent are slope failures of a character of block 
fields and disintegrating block ridges. In the Slanské 
vrchy Mts. the block slope failures are concentrated 
mainly on the edges of the stratovolcanoes, rarely in 
their central parts (Petro et al., 1993). Due to the 
action of gravity, weathering, erosion, neotectonic 
movements and seismic quakes, the solid volcanic 
rocks overlying plastic (Paleogene and Neogene) 
sediments, or hydrothermally altered rocks, are 
disrupted. The site Košický Klečenov was selected 
to monitor the creep movements within the state 
research project ZP-547-008-03 Research in 
Geological Environmental Factors (1990-1992). In 
late 1990ies a dilatometer of the type TM-71 was 
installed within a crevasse between two blocks on 
the western edge of the Strechový vrch andesite 
stratovolcano (Kaličiak et al., 1991). The second 
device was installed into the crack at the edge of 
intact massif within the project PMSGF in 1995.  

Fig. 7.20 Results of long-term measurements of 
the blocks shift at the stand 1 (points B1 to B3) 
and stand 2 (points B4 and B5), graphs with 
correction of measured values (with affix kor.) 
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Geomorphological and geological setting 

 
The site is located on the western edge of the Slan-

ské vrchy Mts. (Fig. 7.21), about 2 km north of the for-
mer spa Borda. The wider vicinity belongs to mildly 
modelled Podslanská Upland (part of the Košice Basin), 
which passes eastward into volcanic massif character- 
ized by high energy relief and steep slopes (up to 24°). 
The area is drained by smaller streams surging in Slan-
ské vrchy Mts. and mouthing into Svinický potok 

Brook, the lefttributary of the Olšava River. The vol-
canic mountains margins are typical of frequent occur-
rence of slope failures of various types. The block 
ridges gradually pass into block fields or directly into 
landslides. Their occurrence was studied in detail by 
Malgot (1969, 1977). The monitored block failure along 
with block fields is a component of one of the largest 
slope deformations (10.19 km2) not only in the Slanské 
vrchy Mts. (Fig. 7.22), but also in Slovakia (Petro, in 
Šimeková et al., 2006). 

 

Fig. 7.21 DMR of the Eastern Slovakia with indication of the Slanské vrchy Mts. and Košický Klečenov site 

Fig. 7.22 Mechanical-optical dilatometer 
TM-71 and its installation within a part of 
extensive slope deformation made of block 
ridges, block field and potential landslide 
(Petro in Šimeková et al., 2006)  
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In the geological setting of the site effusive rocks are in-
volved, represented by lava flows, the thickness of which 
reaches tens of meters. In terms of their lithology they are 
andesites and breccias (Kaličiak et al., 1991). These solid 
rocks overlay the massive complex of more plastic vol-
caniclastic rocks, among which dominate pyroclastic 
rocks, or redeposited tuffs and pyroclastics (Fig. 7.23). 
Under these volcanic rocks, or in their forefront, Neogene 
calcareous clays with interlayers of volcanic material are 
present, which are affiliated to the Kochanovce For-
mation (Karoli in Kaličak et al., 1991). The sliding slopes 

below the block ridges are built of clastic fragmented-
bouldery sediments (debris), with local occurrence of dis-
integrating and weathered andesite blocks (block field). 

The edge of the andesite lava flow is morphologically 
very conspicuous (height difference of 100 meters) and is 
the result of tectonic activity. It is crossed by fault of 
NSdirection at the western margin of the Slanské vrchy 
Mts. Its recent activity was for the first time reported to 
by Janočko (1989). Moreover, the main head scarp of the 
extensive potential landslide is directly linked to the fault 
(Fig. 7.23). 

 

 
 
Fig. 7.23 Geological cross-section through 
the western margin of the stratovolcano 
Strechový vrch and monitored slope defor-
mation at Košický Klečenov. 1 - potential 
landslide with block field, in the top part 
transition into block ridge; 2 - lava flow 
made of andesites and breccias; 3 – com-
plex of volcaniclastic rocks - pyroclastics 
and redeposited pyroclastics and tuffs; 4 – 
Neogene calcareous clays of the Kocha-
novce Fm.;  KK-1 and KK-2 – dilatometers 
TM-71 installed in the open crevasses in 
1990 and 1995   
 

   
Monitoring 
 

For creep movements measuring, or shifts in the rock 
environment, there are a number of monitoring devices or 
techniques. One of the practical devices is the mechani-
cal-optical dilatometer TM-71 (Fig. 7.22) constructed by 
Košťák B. (1969, 1991), which was granted two Czecho-
slovak patents (131631, 246454). The device is based on 
the principle of moiré, i.e. optical interference resulting 
from the mechanical motion. The interference occurs be-
tween two glass plates coated on adjacent sides of a thin 
chrome layer of circular shape. As a result of the mutual 
shift of platelets the interference fringes are generated 
and the displacement of the centres of the plates. From 
the strips and shape pattern it can be calculated the size 
and direction of the displacement. The shift recording is 
continuous. The shifts are expressed in three mutually 
perpendicular planes - x (crack opening/closing), y (shear 
movement along cracks) and (sink/heave of one of the 
blocks). On two adjacent sides of the inner plates are 
chrome layers of rectangular shape used to record the 
rotational motion of monitored blocks. The structure of 
the device is designed in such a way that a pair of plates 
is arranged in two perpendicular planes, so it is possible 
to measure relative movements and rotation of blocks, i.e. 
their spatial movement. The shifts are defined along the 
axes or as the resulting 3D vectors. 

The dilatometer allows measurement of displacements 
of rock blocks along cracks wide about 0.5 to 2.0 m with 
an accuracy of 0.01 mm and rotation with an accuracy of 
0.01 gr. (π/200). The dilatometer is installed in the cracks 
between two thick-walled steel brackets clamped to oppo-

site walls. The variant with bent brackets allows measure-
ment in narrow cracks. The dilatometer amenities include 
its durability (long life), weather resistance (moisture, 
temperature changes, stray currents, corrosion), easy to 
maintain and relatively uncomplicated method of evalua-
tion of the measured data and interpretation of results 
using tailor-made software. The disadvantages include 
the vulnerability of the device to vandalism and to some 
extent, its price. 

The instrument application began in the late sixties 
and was aimed at monitoring of slow movements of land-
slides (Košťák, 1969). In the following years, the land-
slides measurements was extended to multiple sites in 
Czechoslovakia (e.g. Košťák, Rybář, 1978; Košťák, 1991), 
but also across Europe (e.g. Fussgänger, 1985; Petro et 
al., 1999) and out of Europe (e.g. Košťák, Cruden, 1990). 
In addition to monitoring of landslide movements the 
TM-71 dilatometers are used to observe violations of his-
toric buildings and their subsoil (e.g. Fussgänger, 1985; 
Košťák, Sikora, 2000; Vlčko, Petro, 2002; Vlčko, 2004) 
and to measure micro-shifts on active tectonic faults (e.g. 
Avramova-Tacheva, 1988; Košťák, 1998; Petro et al., 
2004; Košťák et al., 2007; Stemberk et al., 2010; Košťák 
et al., 2011). 

The site monitoring began on December 4, 1990, 
when the dilatometer TM-71 was installed within open 
crack between two large rock blocks (lower and upper) 
on the edge of the andesite lava flow (Figs. 7.23, 7.24). 
The device was labelled KK-1. On July 25, 1995 the sec-
ond dilatometer of the same type (KK-2) was placed in 
the crevasse between the upper edge of the block and 
intact lava flow (Figs. 7.23, 7.25). The long-term objec-
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tive of both devices was to monitor creeping motion of 
rock blocks atop more plastic basement. The prerequisite 
for creep was based on the detailed knowledge of geolo-
gical setting (Kaličiak et al., 1991) and regional engineer-
ing geological works (Spišák et al., 1987; Petro et al., 
1993). 
 

Monitoring results and their interpretation 
 

The dilatometers’ reading is done visually with a fre-
quency of 1-7 times per year. By the end of 2013 the 
number of readings with KK-1, which measures relative 
displacement between two blocks (the lower and the 
upper) on the edge of the lava flow (Figs. 7.23, 7.24), 
has reached 99. Since 1995 on the dilatometer KK-2 
(Figs. 7.23, 7.25) the total number of measurements at 
the end of 2013 has attained 77. The results of the 
measurements processing are graphs of displacement 
and rotation of individual blocks. Spatial displacement 
was evaluated with respect to relative position of the 
two dilatometers against monitored cracks. Eight, re-
spectively three-year measurements showed a trend of 
blocks movement in all three axes (Petro et al., 1998; 
Figs. 7.26, 7.27). The most significant was the move-
ment in the z direction (downward), which exceeded           
3 mm (KK-1), and 1 mm (KK-2). Shear movement 
along the vertical axis and the opening of the crack 
(movement along the x axis) reached about 1 mm (KK-1). 
Measurements of rotations of both blocks did not show 
significant movements. Interesting is the correlation 
between bound in the rotation record of the dilatometer 
KK-1 in the XZ plane in the second half of 1999 (Fig. 
7.27b) and strong earthquake in the Turkish city of Iz-
mit (M = 7.8) registered on 17/8/1999 (Košťák et al., 
2007). The link between this earthquake and the fluctua-
tions in the records of rotations was found in dilatome-
ter TM-71 in several European locations. In 2000, be-
cause of the obvious link between the motions of the 
monitored blocks with active fault failure at the edge of 
the Slanské vrchy Mts., the site Košický Klečenov was 
included among Slovak tectonic sites within the project 
COST 625 "3D monitoring of active tectonic struc-
tures". The measurements  in 2005  were  evaluated in 
the  final report for the Slovak Republic (Petro et al., 
2005). Since that year all the measured data have been 
processed using new software MSDilat (Stercz, 2004). 
By the end of 2013 the measurement results showed a 
long-term trend in both blocks. The most significant 
movements are of the sink character (movement in the z 
direction), which for 23 years has reached 10.93 mm 
(KK-1), and for 18 years 9.28 mm (KK-2). From the 
average rate of sink of 0.48 mm and 0.52 mm per year it 
is clear, that the upper block is sinking faster than the 
bottom one (Figs. 7.26, 7.27). The shearing motion 
along the cracks (in the y direction) reached a total of 
4.07 mm, and 2.99 mm, respectively. Even in this case, 
the upper block moves faster than the bottom one. Dif-
ferent results have been found in the direction of blocks 
displacement along the x axis.  While the crack opening 

Fig. 7.24 Dilatometer TM-71 (KK-1) installed in the open crack 
between two (bottom and top) blocks at the western margin of 
the lava flow of the stratovolcano Strechový vrch 

 

Fig. 7.25 Dilatometer TM-71 (KK-2) installed in the open crack 
between upper block and intact massif of the lava flow at the 
western margin of the stratovolcano Strechový vrch 
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Fig. 7.26a Diagram of shifts along axes x, y, z recorded by dilato-
meter KK-1 installed in the open crack between bottom and top 
blocks at the site Košický Klečenov for the period 1990- 2013 

 

 

Fig. 7.26b Diagram of rotations in the planes XZ and XY re-
corded by dilatometer KK-1 installed in the open crack between 
bottom and top blocks at the site Košický Klečenov for the period 
1990-2013  

  

Fig. 7.27a Diagram of shifts along axes x, y, z recorded by dila-
tometer KK-2 installed in the open crack between upper block 
and intact massif at the site Košický Klečenov for the period 
1995-2013  

Fig  . 7.27b Diagram of rotations in the planes XZ and XY recor-
ded by dilatometer KK-2 installed in the open crack between up-
per block and intact massif at the site Košický Klečenov for the 
period 1995-2013  

between the two blocs reached 5.25 mm (KK-1), the 
crack opening between the upper block and the intact 
massif has reached only 0.29 mm. 

The results of the measurements of rotations of both 
blocks for the entire monitoring period have not shown 
significant values (Figs. 7.26b, 7.27b). More interesting 
are some sudden rotations. For dilatometer KK-1 except 
in August 1999, striking rotation of the lower block was 
recorded in the fourth quarter of 2007, which corres-
ponded quite well to strong earthquake on Sumatra 
09/2007 (M = 8.5). Sudden rotations of the upper block 
(Fig. 7.27b) in both planes (XZ and XY) in turn corres-
pond very well with two strong earthquakes in Sumatra 
(12/2004 M = 9.1 to 9.4, 09/2007 M = 8.5). Certain con-
sensus seems to be in increase of shear component of 
movement of the upper block with the seismic event on 
Sumatra 03/2007 (Fig. 7.26b). High sensitivity of the 
dilatometers, more accurate records of rotations of 
blocks (+/-0.01 gr) in relation to distant earthquakes 
have been demonstrated many times simultaneously at 
several locations abroad (Košťák et al., 2007). 
 

Summary of the long-term monitoring results 

 
The results of long-term monitoring of creep motion 

of rock blocks at the site Košický Klečenov using dila-
tometers TM-71 can be summarized as follows: 

1. The dilatometers have confirmed the long-term 
trend of uneven sink of the two rock blocks, their move-
ment along the shear cracks and opening of crack              
between them. 

2. Slight (not very significant) uplift of the Slanské 
vrchy Mountains in terms of Neotectonic map of Slova-
kia (Maglay et al., 1999) corresponds to the observed 
vertical movement of blocks. 

3. So far detected rotations of rock blocks are not sig-
nificant in terms of their magnitude. 

4. Due to the high sensitivity dilatometers (0.01 gr  
rotation and shift +/-0.01 mm) the relatively large and 
rapid rotations (in both planes - XY and XZ) and shifts 
(along the x and y axes) correlate well even with very 
strong distant earthquakes in Turkey (Izmit, 8/1999) and 
Sumatra (2004 and 2007). 
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5. The resulting motion of the blocks is a result of 
several natural factors – gravity force, recent tectonic 
movement along the marginal fault passing through the 
western edge of the stratovolcano Strechový vrch and 
seismic effects of very strong and distant earthquakes. 

 
7.4.  Early warning systems for landslides 
 

In different parts of the world, depending upon the 
acting geohazards, the warning systems are implemented. 
Accounting for the extent of the damage caused by earth-
quakes, the identification of this phenomenon is the most 
important. Similarly, a prominent place all over the world 
have occupied systems developed to forecast the land-
slide phenomenon. 

In general, worldwide the warning systems for land-
slides prediction can be divided into three different levels 
(global, regional and local - Fig. 7.28), based on the cov-
erage of an area by prognoses on the state of stability. 

Global early warning systems alert us to extensive ter-
ritories in which activation of slope movements can be 
expected with high probability, or where their conse-
quences could be the most unfavourable. It should be 
noted, however, the scale (at the continental level), in 
which individual phenomena are evaluated. For this rea-
son, finer detailed analysis on the regional and local lev-
els of the warning systems is needed. At the regional 
level of the early warning for landslides, as illustrated by 
several examples from different countries (Huggel et al., 

2008; Jakob et al., 2006; Chan and Pun, 2004 and many 
others) it is a basic idea of global early warning develop-
ment to more detailed levels. Even this level is based on 
an appreciation of the environment in which the land-
slides occur frequently and the main landslide-forming 
factors assessment, to which preferably belong precipita-
tions. While previous levels of warning systems alert us 
to the possibility of the slope movements activating for 
larger territorial units in the case of passing through cer-
tain thresholds of landslide-forming factors, in local early 
warning systems for landslides usually emerges a practi-
cal problem of protecting a particular object (system of 
objects) against well-defined slope movement (or slope 
movements within the wider unstable area). In practice, 
the solution tackles a very complex and demanding issue. 
Creation of a local warning system requires a multidisci-
plinary approach in which the application of the findings 
of geological sciences plays a key role. In addition to 
purely geological issues, which clearly include selection 
of decisive landslide-forming factor and also the deriva-
tion of critical levels, there is a need to address the issues 
related to the selection of technical equipment for the 
collection and remote data transmission, and substanti-
ated distribution of surveillance equipment within the 
monitored slide area. Separate issue are the legislative 
provisions of the early warning system operation, which 
must include a directory of responsible authorities, the 
procedure of their activity and level of responsibility 
upon notice on a criticality of the observed parameter.

Fig. 7.28 Early warning system levels on landslides. a - global level, b - regional level, c - local level 

 
7.4.1.  Development of early warning systems                              

at monitoring landslide locations  
  
As already indicated, the geological issues, which are 

essential in functional warning system implementation, 
have to handle two crucial tasks. The first one is to set out 
correct critical levels of observed factors and the other 
one is connected to verification of initiated warning. 

In the scope of the PMSGF there were tested several 
methodological concepts of warning systems develop-
ment, depending on the specifics of individual landslide 
sites, on the basis of the derived diagram (Fig. 7.29), 
which can be applied to a fairly wide range of monitored 
landslides. A choice among different modeling processes 
of an early warning system creation is determined by the 
quality as well as quantity of time series records of 

changes in the groundwater table level depth at each site 
assessed. From the geological point of view, a warning-
system is based on two essential platforms. The first one 
is primarily of prognostic character with a regional im-
pact. It is based on an evaluation of available climate data 
and hence the output information is related to the poten-
tial risks of negative climate indicators. The outputs ob-
tained alert in advance on the possible variants of evolu-
tion of kinematic activity that can be applied also to 
assess the wider area of the evaluated landslide (so-called 
Model of Climate Parameters). In order to establish a 
functioning early warning system transition to the next - 
second level is needed (Fig. 7.29), which assesses and 
analyzes in detail the elements of the landslide environ-
ment. Based on data collected in real environment there 
have been specifically designed procedures of deriving
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Fig. 7.29 Scheme of early warning system, which was applied at selected monitored sites 

 
certain thresholds of the observed parameters. Several 
practical solutions have been successively published in 
the works Ondrejka, 2009 and 2012; Ondrejka et al., 
2011; Wagner et al., 2014. Therefore, we focus only on a 
brief description of the uses of each method. 
 
7.4.1.1.  Early warning system based on climate            

indicators  

 

The model is based on the notion that the emergence of 
landslide events is linked to a longer period, which pre-
cedes the activation of landslides. This was indicated by 
Záruba and Mencl, 1987; Kopecký, 2007; Novotný, 2002. 
The proposed method therefore relies on functioning warn-
ing systems, which rely on the assessment of climatic fac-
tors and are installed in different parts of the world (e.g. 
Jakob et al. 2006; Restrepo et al., 2009). 

The proposed warning system is based on the actual 
conditions that are characteristic for each monitored land-
slide site. Due to their large number, the procedure has 
been applied to the landslide types, in which by the moni-
toring measurements the most comprehensive time series 
data have been obtained on all factors affecting stability 
conditions in the area. The evaluation and forecasting is 
described in the works by Ondrejka (2010, 2012). 

The resulting prognostic model is the result of corre-
lations between the aggregate effective precipitations, 
changes in groundwater table levels in the study area and 
the kinematic activity of landslide masses. On the basis of 
certain generalization of climatic conditions (semi-annual 
stages, which is a fundamental principle of the model 

presented) there were defined relationships between cli-
matic factors and kinematic activity of landslide masses. 
Derived dependencies enable practical solutions to de-
termine, or forecast certain trend of physical activity in 
the evaluated area. Based on the analyses it has been 
shown that the cumulative rainfall totals for October to 
March in many cases had influence on the stability condi-
tions during the rest of the year. Thus, the volume of wa-
ter that falls during a period of dormancy may affect the 
stability of landslide area conditions even for the follow-
ing months (April to September). For the substantiated 
prognosis of the stability of the landslide area in the com-
ing months there is inevitable to currently review the de-
velopment of climate variables, and thus to refine prog-
nosis of the stability development. It should be noted, 
however, that this level of prognostic evaluation gives 
only approximate results, applicable in regional scale. 
There have to be completed and refined the procedures 
aimed at detailed assessment of changes in groundwater 
table levels at sites under consideration. 

 
7.4.1.2. Geotechnical model 

 

This is the first of the proposed procedures with de-
tailed evaluation of the stability of the landslide area        
under certain conditions (Fig. 7.30). In practice, the proce-
dure is one of the frequently used methods of defining the 
critical values of the groundwater table level depth in the 
slide area. The critical depth level represents the state cor-
responding to threshold value of slope stability. Although 
it is quite a simple principle, in order to achieve the most 
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substantiated results the process of deriving critical ground-
water table level was adjusted to reflect the specifics of the 
hydrogeological regime of groundwater in the evaluated 
area. Firstly, it was extended on empirical approach, de-
rived by Scherer (1999), which on the basis of long-term 
changes in groundwater table level (in monitoring objects, 
for a period of about 10 years) enabled to identify critical 
values which may actually occur in the landslide area. 

Consequently, the values that were derived by empiri-
cal approach, were further refined in the calculation model. 
This involved series of procedures in a real environment in 
which impact of groundwater table level upon kinematic 
activity of landslide masses is assessed (supported by geo-
detic and precision inclinometer survey). In the analysis, 
the attention was focused on the state of the groundwater 
table level, which can be described as the least favourable, 
this means, the time of groundwater table levels measure-
ment, during which in all observation wells the groundwa-
ter table level is the closest to the ground surface. 

Final derivation of critical values for the early warning 
system rests in the verification of the calculated degree of 
stability based on the values of physical activity. 

The whole process of modeling, as well as the result-
ing values of the critical groundwater table levels for 
early warning systems have been published in the works 
Ondrejka (2009, 2010). 

7.4.1.3. Model of groundwater regime indicators 

 
To evaluate the stability condition or to forecast its 

development the proposed model gives the most compre-
hensive information that can be directly used for early-
warning systems. When compared with the previous 
methodology, in which the attention is narrowly focused 
in the determination of the critical value of the groundwa-
ter table level depth (Fig. 7.30b) it accounts for the time 
parameter. This means that in the analysis, in addition to 
depth of the groundwater table level, a particular attention 
is paid to the date of occurrence of its high levels and also 
to the duration of these conditions. The procedure of 
derivation of critical groundwater table level through the 
present methodology is described in great detail in the 
work of authors Wagner et al., 2014. This is a model          
example in which at the landslide site Okoličné different 
steps leading to the actual derivation of the warning sig-
nal, are presented. 

Although the above procedure gives reliable results 
useful in developing early warning systems, its applica-
tion is limited by the extent of time series of long-term 
monitoring of regime indicators and physical activity. 
Another condition is also sufficient density of such re-
cords. 

 
 

Fig. 7.30 Models of autonomous warning signals based on groundwater table level assessment. a - model based on geotechnical 
principle, b - model based on results of long-term groundwater table level changes, c - model based on sudden changes in the 
groundwater table level depth. 1 - landslide body, 2 – shear plane, 3 - piezometric boreholes, 4 - maximum groundwater table level 
for a long period, 5 - minimum groundwater table level for a long period, 6 - mean groundwater table level for a long period, 7 - 
range of maximum yearly groundwater table level depths for the monitored period, 8 - the most unfavourable groundwater table 
level during yearly period, 9 - continuous record of the change in groundwater table level 

 
7.4.1.4.  Model based on sudden changes in ground-

water table levels  

 

In terms of building an early warning system this is 
technically the most demanding solution. The principle of 
operation of such a system has been described in the 
works Ondrejka, 2010 and Ondrejka et al., 2011. Essence 
of this system is to analyze the impact of sudden changes 
in the groundwater table levels upon the formation and 
development of conditions suitable for the process of 
sliding (Fig. 7.30c). In addressing this issue it was neces-
sary to dispose of detailed information on changes in the 
groundwater table level depth and the development of 
kinematic activity. 

Such solutions offered a system that was built on the 
site of the landslide Veľká Čausa. It allowed to establish 
correlations between changes in the groundwater table 
level depth and the magnitude of deformation, measured 
at the shear plane (method of precision inclinometer) with 
a one-day frequency. Moreover, it has been shown that 
the measured deformation is not only the result of a sud-
den change in the groundwater table level depth, but it is 
di-rectly related to the initial depth of the groundwater ta-
ble level. It has been also shown that the greatest effect 
upon the kinematic activity have had the changes in the 
groundwater table level depth of 12 hour interval. Based on 
the results obtained, methodology for forecasting the ex-
pected size of deformation has been compiled. The analy-
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sis is described in detail in the work by Ondrejka et al. 
(2011). The results obtained by this analysis were the basis 
for setting up the early warning system for the landslide 
site. In the warning system the rate of the groundwater ta-
ble level rise has been set out, which was defined as the 
critical one. After reaching or exceeding the defined val-
ues, a responsible employee is informed in the form of 
short text message. Upon receipt of such report usually 
follows a procedure that is aimed to verify the stability 
situation in the landslide area. After real assessment of the 
situation, whether the state really constitutes a risk to the 
population, their activities or assets, it is possible to refer 
such report to employees of the municipal administration.  

Although individual systems offer positive results in 
solving the project, the issue of refinement of the knowl-
edge of the relationships among the monitored compo-
nents remains necessary. 

 
7.5. Conclusions 

 
Monitoring of slope movements has been developed 

in parallel with the increase of knowledge about this geo-
hazard, the advance in possibilities and methods of reme-
diation, but also with the requirements for forecasting the 
emergence and development of the phenomenon.  

In the early stages of development the monitoring      
represented a tool for verifying the functionality of the 
remediation of stabilized emergency landslides. The moni-
toring was usually focused in measuring changes in the 
groundwater table level depth and the yield of drainage 
equipment. Based on the values observed it was consid-
ered whether the conducted remediation of slope move-
ment was sufficiently effective. Unfortunately, such a 
verification monitoring was generally performed only for 
a relatively short time after corrective measures imple-
mentation and beyond there was a gradual deterioration 
of monitoring objects. 

Significantly higher level of the monitoring of slope 
movements was launched in the scope of the PMSGF 
project solution, which has been based not only on the 
verification of monitoring measurements, but it has been 
understood as a tool to provide data for understanding the 
patterns of development of slope movements and their 
forecasting. Thanks to the project solution extensive data 
sets have been acquired that are saved in purposefully 
structured databases, allowing to perform various opera-
tions to derive patterns between the changes of the ob-
served factors (most often indicators of the groundwater 
regime) and kinematic activity of the observed landslides. 
Simultaneously there have been selected and gradually 
complemented the optimal ways of the monitoring of the 
slope movements of creep character and indications of 
rockfall. During more than 20 years of the projects 
PMSGF solution there have been observed several dozens 
of different types of slope movements, verified the num-
ber of observation methods and evaluation methodologies 
of measured data. In addition to great benefit in monitor-
ing theory, valuable practical results have been achieved, 

summarized in alerts, which have allowed the responsible 
authorities to take actions in a timely manner, prior to 
activation and development of emergency slope move-
ments (e.g. landslide Bojnice location, locations of rockfall 
Demjata and Slovak Paradise - Suchá Belá and others). 

The extensive database of collected data and a gradual 
transition to the preferential application of continuous 
monitoring methods (primarily the installation of auto-
matic level gauges) provide the opportunity to address 
perhaps the whole society most desired issue – the prog-
noses of landslide evolution. For this reason, in recent 
years several models of creation of early warning systems 
have been under development and some of them were 
practically verified in selected locations (Veľká Čausa 
landslide sites and Okoličné). 

The investigators have no doubt that the transition to 
the development of early warning systems is the best and 
most desirable culmination in terms of long-term moni-
toring activities. Of course, the transition to the highest 
stage of monitoring is conditional upon obtaining large 
sets of data, application equipment for continuous data 
collection, but also asks for new methods of assessing the 
state of the rock mass stability (e.g. innovative geophysi-
cal measurements). The creation of an early warning sys-
tem also requires long-term verification process of the 
correctness of its functionality. Accounting for all the 
above facts we believe that the early warning systems 
need to be built in concrete, the most socio-economically 
important areas where these systems can contribute to the 
protection of human life and significant material assets. 
Assessing the threat of larger landslide areas, especially 
useful in land-use planning and investments, should be-
come the scope of the maps of landslide hazard and risk 
compiled by increasingly sophisticated methodologies. 
 
References 

 
Fussgänger, E., 1985: Poznatky z terénneho výskumu plazivých 

svahových pohybov travertínových blokov na Spišskom hrade. 
(Knowledge from investigation of creep slope movements of 
travertine blocks on Spišský hrad castle). Miner. Slov., Vol. 17,             
No. 1, 15-24. (In Slovak). 

Fussgänger, E., Jadroň, D. & Litva, J., 1976: Okoličné – prieskum 
zosuvu. Záverečná správa z inžinierskogeologického pries-
kumu. (Okoličné - landslide investigation. Final report of the 
engineering geological survey). IGHP, n. p. Žilina. Manuskript.  
Archív Št. Geol. Úst. D. Štúra, Bratislava, 163 p. (In Slovak). 

Jakob, M., Holm, K., Lange, O. & Schwab, J. W., 2006: Hydrome-
teorological thresholds for landslide initiation and forest opera-
tion shutdowns on the north coast of British Columbia. In: 
Landslides, N. 3, p. 228-238. 
http://www.bgcengineering.com/files/publications/KH_Hydro_
Meteo_Thresholds_0.pdf (0911-15) 

Janočko, J., 1989: Vplyv kvartérnej tektoniky na vývoj územia 
v severnej časti Košickej kotliny. (Influence of Quaternary      
tectonics on the territory development in the northern part of 
the Košická kotlina Basin, Eastern Slovakia). Miner. Slov., Vol. 
21, No. 5, p. 421-425. (In Slovak). 

Huggel, Ch., Khabarov, N., Obersteiner, M. & Ramírez, J. M., 
2009: Implementation and integrated numerical modeling of a 
landslide early warning system: a pilot study in Colombia. In: 
Natural Hazards, p. 501-518. 



 7. Main Results of the Slope Deformations Monitoring    

113 
 

http://www.springerlink.com/content/b0t0325571681h02/fullte
xt.pdf (10-03-11) 

Chan, R. K. S. & Pun, W. K., 2004: Landslip Warning System in 
Hong Kong. In: Geotechnical Instrumentation News - Geotech-
nical News, s. 33-35. http://www.bitech.ca/pdf/GeoTechNews/ 
2004/GIN_Dec2004.pdf (10-01-20) 

Kaličiak, M. (ed.), Baňacký, V., Jacko, S., Janočko, J., Karoli, S., 
Molnár, J., Petro, Ľ., Priechodská, Z., Syčev, V., Škvarka, L., 
Vozár, J., Zlínska, A. & Žec, B., 1991: Vysvetlivky ku geo-
logickej mape severnej časti Slanských vrchov a Košickej         
kotliny v mierke 1 : 50 000. (Explanations to the geological 
map of the northern part of the Slanské vrchy Mts. and Košická 
kotlina Basin at scale 1:50,000). Bratislava: GÚDŠ, 182-188. 
(In Slovak). 

Kaličiak M. (ed.), Baňacký, V., Janočko, J., Karoli, S., Petro, Ľ., 
Spišák, Z., Vozár, J., Žec, B., 1996: Slanské vrchy a Košická 
kotlina, južná časť. (Slanské vrchy Mts. and Košická kotlina 
Basin, southern part). Bratislava: GS SR; http://mapserver.geo-
logy.sk/gm50/ mapviewer. jsf?width =699 &height=528 

Kopecký, M. 2007: Vplyv klimatických a hydrogeologických po-
merov na vznik zosuvov v SR. (Influence of climatic and hy-
drogeological conditions on the origin of landslides in Slova-
kia). In: Podzemná voda, Vol. 13, No. 2, p. 162-168. (In Slovak). 

Košťák, B., 1969: A new device for in-situ movement detection and 
measurement. Experimental Mechanics 9, 8, Easton, Pa.,         
374-379. 

Košťák, B., 1991: Combined indicator using moiré technique. In: 
G. Sorum “Field measurements in geomechanics”. Proc. 3rd Int. 
Symp., Oslo, 9-11. Sept. A. A. Balkema, Rotterdam: Brook-
field, p. 53-60. 

Košťák, B., 1998: Evidence of active tectonic movements in the 
Krušné Hory Mts. (NW Bohemia). Journal of the Czech Geo-
logical Society, 43, p. 287-297. 

Košťák, B. & Rybář, J., 1978: Measurements of the activity of very 
slow slope movements. Grundlagen u. Anwedung d. Felsme-
chanik. Clausthal: Trans Tech. Publ., p. 191-205 

Košťák, B. & Avramova-Tacheva, E., 1988: A method for contem-
porary displacement measurement on a tectonic fault. Journal 
of Geodynamics, 10, p. 115-125 

Košťák, B. & Cruden, D.M., 1990: The Moire´ crack gauges on the 
crown of the Frank Slide. Canadian Geotechnical Journal, 27, 
p. 835-840  

Košťák, B. & Sikora, J., 2000: Ovĕření účinnosti sanačních opatření 
na Oravském hradĕ. (Verifying of the effectiveness of corrective 
measures at the Orava Castle). Geotechnika, 3, p. 8-10. (In 
Czech).  

Košťák, B., Cacoń, S., Dobrev, N.D., Avramova-Tačeva, E., 
Fecker, E., Kopecký, J., Petro, Ľ., Schweitzer, R. & Nikonov, 
A.A., 2007: Observations of tectonic microdisplacements in 
Europe in relation to the Iran 1997 and Turkey 1999 earth-
quakes. Izvestiya, Physics of the Solid Earth, 43, p. 503-516.  

Košťák, B., Mrlina, J., Stemberk, J. & Chán, B., 2011: Tectonic 
movements monitored in the Bohemian Massif. Journal of 
Geodynamics, 52, p. 34-44. 

Liščák, P., Pauditš, P., Petro, Ľ., Iglárová, Ľ., Ondrejka, P., 
Dananaj, I., Brček, M., Baráth, I., Vlačiky, M., Németh, Z., 
Záhorová, Ľ., Antalík, M., Repčiak, M. & Drotár, D., 2010: 
Registration and evaluation of newly evolved slope failures in 
2010 in Prešov and Košice regions. In: Miner. Slov., Vol. 42, 
No. 2, p. 393-406. 

Maglay, J. (Ed.), Halouzka, R., Baňacký, V., Pristaš, J. & Janočko, 
J., 1999: Neotectonic map of Slovakia. Bratislava: Publ. Minis-
try of the Environment and Geological Survey of the Slovak 
Republic. 

Malgot, J., 1969: Vývoj zosuvných území na okrajoch vulkanických 
pohorí Slovenska. (Evolution of landslide territories at the edges 
of volcanic mountain ranges in Slovakia). Manuskript. Archív  Št. 
Geol. Úst. D. Štúra, Bratislava, 167 p. (In Slovak). 

Malgot, J., 1977: Deep-seated gravitational slope deformations in 
neovolcanic mountain ranges of Slovakia. Bull. IAEG, Krefeld, 
16, 106-108. 

Matula, M., Pašek, J., 1986: Regionálna inžinierska geológia ČSSR. 
(Regional engineering geology of Czechoslovakia). Praha: Alfa 
Bratislava, SNTL. (In Czech and Slovak). 

Modlitba, I., Jánová, V., Lobík, M., Vančíková, I., Petro, Ľ., Spišák, 
Z., 1988: Výsledky registrácie svahových deformácií na území 
Slovenska v roku 1988 (The results of inventory of landslide 
areas in Slovakia in 1988, interim report). ČZS, názov čiastko-
vej úlohy IG výskum pre optimálne využitie krajiny a ochranu 
životného prostredia. Bratislava: GÚDŠ, 1988. (In Slovak). 

Modlitba, I., Jánová, V., Kováčik, M., Vančíková, I., Krippel, M., 
Liščák, P., Petro, Ľ., Spišák, Z., Šarík, M., 1991: Výsledky       
registrácie svahových deformácií na území Slovenska v roku 
1991. (The results of inventory of landslide areas in Slovakia in 
1991, interim report). ČZS, názov čiastkovej úlohy IG výskum 
pre optimálne využitie krajiny a ochranu životného prostredia. 
Bratislava: GÚDŠ, 1991. (In Slovak). 

Nemčok, A. 1982: Zosuvy v slovenských Karpatoch. (Landslides in 
the Slovak Carpathians). Bratislava: Veda, 319 p. (In Slovak). 

Novotný, J. 2002: Analysis of water effect on slope stability in 
clayey rocks. In: Acta Montana, 10, p. 51-90. 

Ondrejka, J., 1985: Nižná Myšľa – cintorín – zosuv. Záverečná 
správa z inžinierskogeologického prieskumu. (Nižná Myšľa - 
cemetery - landslide. Final report of the engineering geological 
survey). Manuskript. Archív Úst. geovied fakulty BERG TU, 
Košice. (In Slovak). 

Ondrejka, P. 2009: Analýza vzťahu medzi vypočítaným stupňom 
stability a pohybovou aktivitou na príklade zosuvu pri Okolič-
nom. (Analysis of the relation between calculated degree of 
slope stability and kinetic activity of the landslide Okoličné). In: 
Miner. Slov., Vol. 41, No. 3, p. 213-224. (In Slovak). 

Ondrejka, P., 2010: Systémy včasného varovania na zosuvoch 
(Landslide early warning systems). Dizertačná práca. Katedra 
inžinierskej geológie. Bratislava: PriF UK, 180 p. (In Slovak). 

Ondrejka, P., 2012: Kritické úrovne pri systémoch včasného varo-
vania na zosuvoch. (Critical levels in early warning systems         
on landslides). Geol. Práce, Spr. 119, Bratislava: ŠGÚDŠ,            
p. 67-78. (In Slovak). 

Ondrejka, P. & Wagner, P., 2012: Monitorovanie zosuvov a iných 
svahových deformácií v období rokov 2002 až 2009. (Monitor-
ing of landslides and other slope deformations in the period 
from 2002 to 2009). Miner. Slov., Vol. 44, No. 4, p. 331-350.           
(In Slovak). 

Ondrejka, P., Wagner, P. & Gróf, V. 2011: Využitie stacionár-
neho inklinometra na tvorbu systémov včasného varovania na 
zosuvoch. (Using of in-place inclinometer for creating early 
warning systems on landslides). In: Geotechnika, 1-2, p. 19-23. 
(In Slovak).  

Otepka, J., Menzelová, O., Mesko, M., Čubríková, E., Škripeková, 
Ľ., Čellár, S., Abelovič, J.,  Čerňanský, J., Bláha, P., 1983: Hlo-
hovec – Sereď – prieskum a sanácia zosuvov. (Hlohovec-Sereď 
- survey and remediation of landslides). Manuskript. Archív         
Št. Geol. Úst. D. Štúra, Bratislava, č. 57522, 1983. 120 p. (In 
Slovak). 

Petro, Ľ., Spišák, Z., Polaščinová, E., 1993: Súbor inžiniersko-
geologických máp 1 : 50 000 - región Košická kotlina a Slanské 
vrchy. In: Divinec, Ľ. et al., „Súbor regionálnych máp geo-
logických faktorov životného prostredia 1 : 50 000 regiónu 
Košická kotlina a Slanské vrchy”. (Atlas of maps of environ-
mental geofactors at scale 1:50,000 of the region Košická kot-
lina Basin and Slanské vrchy mountains). Manuskript. Archív 
GS SR Spišská Nová Ves, 103 p. (In Slovak). 

Petro, Ľ., Spišák, Z., 1994: Slope deformations in the area of 
Košická kotlina Basin and Slanské vrchy mountains (Eastern 
Slovakia). In: R. Oliveira et al. (eds.) “Proc. 7th Int. IAEG Con-
gress”. A. A. Balkema, Rotterdam, Brookfield, p. 1585-1590. 

Petro, Ľ., Košťák, B., Polaščinová, E., Spišák, Z., 1999: Monitoring 
blokových pohybov v Slanských vrchoch. (Block movements 
monitoring in the Slanské vrchy Mts.). Miner. Slov., Vol. 31, 
No. 5-6, p. 549-554. (In Slovak). 

Petro, Ľ., Vlčko, J., Ondrášik, R., Polaščinová, E., 2004: Recent 
tectonics and slope failures in the Western Carpathians. Engi-
neering Geology, 74, 103-112. 



Slovak Geol. Mag., 14, 1 (2014),  89 – 114 

 
 

 
114 

Restrepo, P., Cannon, S., Laber, J., Jorgensen, D. & Werner, K. 
2009: NOAA/USGS Demonstration Flash-Flood and Debris-
Flow Early-Warning System. In: Geophysical Research               
Abstracts. http://meetingorganizer.copernicus.org/EGU2009/ 
EGU2009-4692.pdf (10-04-03) 

Scherer, S., 1999: Metodika hydrogeologického monitoringu na 
zosuvoch (Methods of the hydrogeological monitoring on land-
slides). In: Podzemná voda, Vol. 5, No. 2, p. 94-104. (In Slovak). 

Sláma, M., Gomolčák, M., Komoň, J., Turovský, F., Tunega, O., 
Mišove, P., Bačo, J., Vrábľová, K. & Pastierik, S., 2012: Nižná 
Myšľa - sanácia havarijného zosuvu - I. etapa, sanácia geolo-
gického prostredia, odborný geologický dohľad. - I. etapa,            
sanácia geologického prostredia. (Nižná Myšľa - corrective          
measures at emergency landslide, first stage). Geokontakt, 
s.r.o. Košice. Manuskript. Archív Št. Geol. Úst. D. Štúra, Brati-
slava, 55 p. (In Slovak). 

Spišák, Z., Polaščinová, E., Kaličiak, M., Karoli, S., 1987: Vplyv 
geologickej stavby územia na vznik a rozvoj svahových defor-
mácií v severnej časti Košickej kotliny a Slanských vrchov.          
(Influence of the geological setting upon emergence and deve-
lopment of slope deformations in the Northern part of the Ko-
šická kotlina Basin and Slanské vrchy Mts.). Manuskript.         
Archív Št. Geol. Úst. D. Štúra, Bratislava, 66 p. (In Slovak). 

Stemberk, J., Košťák, B., Cacoń, S., 2010: A tectonic pressure pulse 
and increase geodynamic activity recorded from the long-term 
monitoring of faults in Europe. Tectonophysics, 487, p. 1-12. 

Stemberk, J., Košťák, B., 2008: Recent tectonic microdisplacement 
registered in Bedřichov Tunnel “A” in the Jizerské Hory Mts. 
(N. Bohemia). Acta Geodynamica et Geomaterialia, 5, (152), p. 
377-388. 

Stercz, M., 2004: SMDilat – aplikácia na vyhodnocovanie meraní 
dilatometrom TM-71 programovaná v jazyku Delphi pre plat-
formu MS Windows (+ MS Windows XP). 

Šimeková, J., Martinčeková, T., Abrahám, P., Gejdoš, T., Gren-
číková, A., Grman, D., Hrašna, M., Jadroň, D., Záthurecký, A., 
Kotrčová, E., Liščák, P., Malgot, J., Masný, M., Mokrá, M., 
Petro, Ľ., Polaščinová, E., Solčiansky, R., Kopecký, M., Žab-
ková, E., Wanieková, D., Baliak, F., Caudt, Ľ., Rusnák, M., 
Sluka, V., 2006: Atlas máp stability svahov SR v M 1:50 000, 
orientačný IGP. (Atlas of Slope Stability Maps SR at 1:50,000).  

Bratislava: MŽP SR, INGEO-ighp, Katedra geotechniky SvF 
STU, SGIDŠ, GEOKONZULT, PriF UK. (In Slovak). 

Thut, A., Gróf, V., 2010: Geotechnical and Hydrogeological Measure-
ments, Safety and Risk in Slovakia and Switzerland. 4. Danube-
European Conference on Geotechnical Engineering, Bratislava, 
Slovak Republic, June 2-4, 2010, p. 242. 

Tometz, L. et al., 2010: Nižná Myšla - havarijný zosuv, inžinier-
skogeologický prieskum (Nižná Myšľa – emergency landslide, 
engineering geological investigation. Final report). Záverečná 
správa geologickej úlohy. Manuskript. Archív Úst. geovied         
fakulty BERG TU, Košice. (In Slovak). 

Vlčko, J., Petro, Ľ., 2002: Monitoring of subgrade movements  
beneath historic structures. In: J. L. van Roy & C. A. Jermy 
(Eds.) „Proc. of 9th Int. Congress IAEG”, Durban, South Africa, 
(CD-ROM), p. 1432-1437. 

Vlcko, J., 2004: Extremely slow slope movements influencing the 
stability of Spis Castle, UNESCO site. Landslides 1-1, p. 67-71. 

Wagner, P., Iglárová, Ľ. & Petro, Ľ., 2000: Methodology and some 
result of slope movements monitoring in Slovakia. In Miner. 
Slov., Vol. 32, No.4, p. 359-367. 

Wagner, P., Ondrejka, P., Balík D. a Žilka, A., 2012: Hodnotenie 
výsledkov monitorovacích meraní na zosuvoch. (Evaluation of 
monitoring measurements results on landslides). In: Miner. Slov., 
Vol. 44, No. 2, p. 141-148. (In Slovak). 

Wagner, P., Ondrejka, P., Iglárová, Ľ. & Fraštia, M., 2010: Aktu-
álne trendy v monitorovaní svahových pohybov. (Current 
trends in the monitoring of slope movements). Miner. Slov., 
Vol. 42, No. 2, p. 229-240. (In Slovak). 

Wagner, P., Ondrejka, P., Ondrášiková, B. & Liščák, P., 2014: 
Niektoré problémy tvorby systémov včasného varovania na zo-
suvoch. (Some problems of landslide early warning systems 
creation). In: Ageos, Vol. 6, No. 1, p. 71-82. (In Slovak). 

Wagner, P., Scherer, S., Jadroň, D., Mokrá, M. & Vybíral, V. 2002: 
Analysis of landslide monitoring results. In: J. Rybář, J. Stem-
berk & P. Wagner (red.): „Landslides“, Proceed. The first 
European Conference on Landslides. A.A. Balkema, p. 471- 476, 
ISBN 90-5809-393 X. 

Záruba, Q. & Mencl, V. 1987: Sesuvy a zabezpečovaní svahů. 
(Landslides and their control). Druhé přepracované a doplněné 
vydání. Praha: Academia, 340 p. (In Czech). 

 



Slovak Geol. Mag., 14, 1 (2014), 115 – 125 
 

8. Geotechnical Monitoring of Landslides on Slopes                                               

of Water Reservoirs  

 
MILOSLAV KOPECKÝ, MARTIN ONDRÁŠIK and DARINA ANTOLOVÁ   

 
1Department of Geotechnics STU, Radlinského 11, 813 68 Bratislava, Slovak Republic 

e-mail: miloslav.kopecky@stuba.sk 

 
 

 
Abstract: In the design, construction and subsequent operation 
of water works the stability of slopes is one of the fundamental 
problems. Slope failures, especially landslides, affect site selec-
tion of dam body, threaten reservoir shorelines and also endan-
ger smaller water management constructions. If water works are 
built up in the environment with landslides, then their monitor-
ing is essential. 

The article evaluates stability (monitoring results) of land-
slides next to two major water reservoirs in Slovakia. The first 
is a landslide at the water reservoir Liptovská Mara, which with 
its volume of water 362mil. m3 is the largest reservoir in Slova-
kia put into operation in 1975. The purpose of this hydraulic 
structure is to use the hydro power potential of the Váh, to im-
prove the flow of water under the dam and to protect the area 
from floods. On the right side of the dam body there is landslide 
displacing about 5mil. m3, which strikes the reservoir with its 
toe. The second landslide is a landslide on the water reservoir 
Nová Bystrica, located over the reservoir water level, but its 
possible instability is threatening the water discharge object. 
Both landslides are located in the geological environment of 
Carpathian Flysch. The article assesses a current stability of 
landslides, remediation measures and especially results of a 
long-term monitoring. 
 

Key words: landslides, geotechnical monitoring, slope stability, 
water reservoir 

8.1. Introduction 

In Slovakia, the occurrences of landslides (Liščák & 
Káčer, 2011) significantly obstruct the construction and 
operation of water works. Engineering geological investi-
gation in the 50-80's of the 20th century primarily dealt 
with the preparation of large water works in Slovakia. 

Because of massive landslides (thickness from 150 
to 200 m) for a dam a morphologically advantageous 
profile near the village Tichý Potok westward of Prešov 
on Torysa River in the Inner Paleogene Flysch was 
abandoned (Malgot & Baliak, 1990). Landslide area 
near Martin influenced design of water work Krpeľany-
Sučany-Lipovec. The derivation canal was moved and 
divided into two zones (Záruba & Mencl, 1958). On 
construction of the water work Dobšiná there had oc-
curred rock slide of tectonically damaged block of dio-
rite along the surface of graphite slate with dipping to-
ward the slope (Záruba & Mencl, 1987). An example of 
a strong abrasion of reservoir shoreline is on the water 
reservoir (WR) Orava. After the first 15 years of opera-
tion of the WR Orava in some sections of shoreline

Fig. 8.1 Localization of the water reservoirs in the map of Slovakia 
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there were widespread landslides, the destruction of 
land occurred up to 160 meters from the shoreline in a 
slope (Horský & Bláha, 2011). 

At present, none major hydroelectric project is built, 
but many of already constructed are threatened by land-
slides. The article evaluates stability (monitoring results) 
of landslides next to two major water reservoirs in Slova-
kia. Water reservoirs Nová Bystrica and Liptovská Mara 
are located at northern part of Slovakia (Fig. 8.1). Both 
reservoirs are built in the environment of Carpathian 
Flysch, whereas the reservoir Liptovská Mara in not 
folded, and the water reservoir Nová Bystrica in folded 
flysch environment. On both water works the slopes 
above the reservoirs are affected by landslides, which are 
threatening their safety and operating. In the next text we 
present: 
● the nature of the landslides,  
● hazard for the dams,  
● a way of their remediation, 

● a landslide stability assessment based on results of 
ongoing monitoring and proposal of new system 
of monitoring. 

8.2. Landslides at the dam Liptovská Mara 

On the right-side of the dam body of WR Liptovská 
Mara, which dammed the Váh River, there are located 
two landslides. On the water-side bank it is Veľkomarský 
landslide and on the downstream face of the dam it is 
Malý Vlaštiansky landslide (Fig. 8.2). 

Both landslides at the Liptovská Mara dam are devel-
oped in the area consisting of unfolded Inner Paleogene 
flysch strata. The area of Veľkomarský landslide extends 
with length 900 m and width 550 m. The maximum 
thickness of the sliding material in the accumulation zone 
of the landslide exceeds 30 m (Fig. 8.3). The whole land-
slide is composed of several partial landslides of various 
ages. The supposed volume of the sliding mass exceeds            
5 mil. m³ (Antolová, 2010). 

 
 

Fig. 8.2 Localization of the dam profile between Veľkomarský and Malý Vlaštiansky landslides (satellite photo by Google Earth)
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Fig. 8.3 Profile through the landslide Liptovská Mara (modified after Nemčok, 1982) 
1- marly shale with intercalations of sandstones, 2 - sandstones with intercalations of shales, 3 - block field, 4 - landslide, 5 - fluvial 
deposits, 6 - slope loams,7 - gravely-sandy back fill, 8 - horizontal drainage boreholes 

 
8.2.1. Remediation measures at the Veľkomarský        

landslide 

The stability calculation of the Veľkomarský landslide 
performed prior to the WR construction had appointed to 
low stability of the slope. The calculation result meant con-
cern about significant instability of the landslide after fin-
ishing the dam construction due to water buoyancy acting 
on the accumulation zone of the landslide.    

To improve the Veľkomarský landslide stability con-
dition after finishing the construction of the WR the 
following remediation measures were taken (Fig. 8.4): 
● building of stabilization anti-abrasion embank-

ments consisting of gravel and sand on the land-
slide toe (in 1974-1975) – the thickness of the em-
bankments is 7 m (volume 700,000 m³), 

● realization of horizontal drainage boreholes (HDB) - 
4 stages in 1974-1977, 

● creating a system of surface drainage gutters (in 
1976-1978). 

8.2.2.  Recent activities on the landslide based on the 

results of geodetic monitoring 

Evaluation of the recent landslide activity is possible 
only according to analysis of movement of geodetic 
points located on the landslide surface.  

8.2.2.1. Classical geodetic methods  

Although the Veľkomarský landslide is equipped with 
a network of geodetic points (observation and control 
points), the measurements of position changes of the ob-
servation points on the landslide cannot be used for quali-
fied assessment of the activity of the landslide because of 
movement of the control points. Therefore for overview 
of activities of the Veľkomarský landslide changes of 
altitude of observation points are used only. 

In late March 2006, a sudden warming and rapid 
melting of very thick snow cover led to infiltration of 
water from the melted snow into massif what resulted in 
increase of groundwater table levels in the sliding slope 
to the maximum one ever observed during the entire 

monitoring history. These high groundwater table levels 
were synchronous with changes of elevations of the ob-
servation points. A significant decrease was recorded on 
points from B-1 to B-6, which are located in the head of 
the landslide area (from 6.9 to 12.2 mm – 9.8 mm on  
average!, Fig. 8.5), what indirectly pointed to a partial 
activation of the landslide area. 

8.2.2.2. Global Navigation Satellite System (GNSS) 

Since 2007 geodetic measurements of displacement of 
geodetic points are made by method GNSS (Prvý, 2010), 
because there is no problem, with influence of the unde-
sirable movement of the control points. The resulting vec-
tors of the displacements of the geodetic points are given 
in Fig. 8.6. These vectors already could suggest the real 
trend of movement of the landslide surface. The maxi-
mum observed values of movement were 80 mm, this 
means ca 10 mm per year on average.  

The monitoring network (Fig. 8.4) of both landslides 
was built 40 years ago. On the Veľkomarský landslide in 
1974-1975 there were built sites for observation of ground-
water table levels (observation wells - 30 pcs). As remedial 
measures also 28 horizontal drainage boreholes (HDBs) 
with the total length of 3,800 m were built in 4 stages. 

The groundwater table level and discharge rate of 
HDBs are monitored once per 14 days. In the period 
2003-2010 sixteen observation wells were equipped 
with automatic piezometers. Monitoring is carried out in 
order to assess the effectiveness of the remediation 
measures. For tracking the movements of the landslide a 
network of geodetic control points, consisting of 6 refe-
rence points and 17 observation points was built in the 
landslide area. The geodetic measurements are per-
formed once a year. 
 

8.2.3.  Status of the current monitoring network on 

the landslides 

With regard to the long term monitoring of the HDBs 
discharge, it is possible to observe decrease of the total 
volume of the water being removed from the landslide 
(Fig. 8.7).  
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Fig. 8.4 Scheme of existing monitoring points and remediation measures on the Veľkomarský and Malý Vlaštiansky landslides            
(Kopecký, 2010) 
1 - Earth dam, 2 - Váh River fluvial sediments, 3 - deluvial sediments, 4 - Paleogene strata, 5 - landslide bodies, 6 - water surface,       
7 - part of the Veľkomarský landslide overflooded by the water of the reservoir, 8 - surface drainage gutters, 9 - horizontal drainage 
boreholes, 10 - gravel walls, 11 - control geodetic points, 12 - geodetic observation points, 13 - observation wells 

Fig. 8.5 Cumulative curves of altitude changes (mm) of geodetic observation points during years 2000-2009 
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    Fig. 8.6 Horizontal displacement of fixed and control points during period 2007-2013 by method GNSS 
 

However, this overall groundwater level (GWL) de-
cline does not have to play a role in reduction of the 
local slope stability, unless due to decrease of the water 
discharge from HDBs the groundwater level is not in-
creased in the nearby observation wells. The negative 
impact of the discharge decline in HDBs from V-12 to 
V-15 located in the landslide head area is quite obvious. 
In this area (Fig. 8.4), in observation wells J-16, J-17 
(Fig. 8.8), J-18, J-11B, J-11A the groundwater level is 

increasing for long time period, in the case of J-11A the 
groundwater freely flows out of the well as from arte-
sian well. Inspection of the horizontal drainage bore-
holes was made with use of camera (Fig. 8.9). The lar-
gest throughput was observed only up to 30 m. In most 
cases the camera got only a few meters away from the 
HDBs mouth. The inspection results have pointed out 
that the broken HDBs should be either cleaned or re-
placed by new HDBs. 

 

 
 

 

                 Fig. 8.7 Downward trend of the total discharge from all HDBs on the Veľkomarský landslide 
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Fig. 8.8 Decrease of functionality of HDB V-12 and GWL rise in observation well J-17 

 

  

Fig. 8.9 State of the HDB casing after 38 years in operation revealed by the camera inspection 

 
8.2.4. Proposal of design and maintenance of the moni-

toring network of the Veľkomarský landslide 

The proposal of the complex monitoring of the land-
slides on the right-side of the dam body of the WR Lip-
tovská Mara was designed in such a way that its results 
were: 
● determination of the landslide recent activity, 
● forecasting the future development of the stability, 
● setting the critical values for need of implementa-

tion of additional remediation measures. 
The proposed measures were split in to 3 stages – 

Tab. 8.1. Emphasis is placed especially on the building of 
inclinometer boreholes and reconstruction of network of 
geodetic points, because stability (or better dynamics)          
of any slope can be judged the best way by combination 
of geodetic measurements of the surface movement with 
inclinometric measurements of movement below the sur-
face. It will be also necessary to clean the existing HDBs. 

If such measures prove ineffectiveness, it will be neces-
sary to proceed with a construction of new HDBs. 

Even during the renovation and reconstruction of new 
elements of the monitoring network it is necessary to con-
tinue with monitoring measurements on both landslides. 
However, gradually it is necessary to upgrade the system 
to automatic data acquisition in order to determine the 
threshold conditions for a possible activation of the land-
slides. Only then it will be possible to implement neces-
sary measures in time and to provide a safe operation of 
the WR Liptovská Mara. 

8.3. Landslides at the Dam Nová Bystrica 

The reservoir Nová Bystrica is located in the northern 
Slovakia, about 6 km south of the border with Poland on 
the river Bystrica (Fig. 8.1). It is used to supply the popu-
lation with drinking water and was put into operation in 
1989 (Bednárová et al., 2010). 
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     Tab. 8.1 Proposed measures on the Veľkomarský landslide in 3 stages 

 

Fig. 8.10 Scheme of the landslides at the slope located on the dam left-hand side 

 
Rock environment of the area consists of rocks be-

longing to Outer Flysch Zone. The flysch formation is 
characteristic by the alternation of pelite (claystone, mar-
lite and siltsone) with sandstone. The most dominant 
strike of the flysch layers is E-W, while their dip is         
almost vertical (80-90°). The formation has due to multi-
ple folding of the area complex overthrust structure. 

Even before the construction of the water reservoir 
Nová Bystrica, during the implementation of a detailed 
engineering geological survey (Nevický et al., 1977), the 
presence of slope deformations was observed at the 
slopes on the left side of the designed dam (Fig. 8.10), 
which are located above the maximum shoreline. Two 
slope deformations of varying activity are located on the 

Proposed measures Purpose and output of the measures 

1st stage -  specifying and obtaining additional information on landslide area 

a) Geodetic survey of existing monitoring elements 
and important elements of the landslide areas  

Creating a representative model of slope deformations + posi-
tioning of the network elements 

b)  Geophysical measurements – 4 profiles with total 
length of 2,380 m 

Determination of surface and depth extent of the landslide area 
+ precising the location of new inclinometers 

2nd stage - building of new elements of the monitoring network 

a)  Building inclinometer boreholes – total 7 pcs - 
200 m 

Observation of movements in depths of the massif. Determina-
tion of residual shear strength parameters of soils from samples 
taken during the drilling 

b)  building new piezometers -  total 4 pcs - 100 m 
Measurement of GWL in the vicinity of inclinometer boreholes 
+ installation of automatic piezometers 

c)  new geodetic points - 5 pcs 
Measurement of surface movements of landslide area – move-
ment of blocks in the upper part of the landslide area. 

3rd stage - reconstruction of the current monitoring network elements 

a) geodetic points –  rebuilding all 22 pcs 
Rebuilding of geodetic points in their original places and ad-
justing their surroundings for measurements by methods of 
very accurate leveling and GPS 

b) piezometer - reconstruction of approximately  
    11 pcs - 265 m 

Reconstruction of  the broken wells 

c) horizontal drainage boreholes – about  2 000 m 

Cleaning those HDBs which show long-term decline in yield 
and those in which there is a rise of GWL (Fig. 8.5). In a case 
of inefficient cleaning new HDBs will be necessary to build 
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slope. In the area between the reservoir shoreline and the 
forest road there are active landslides with overall area of 
about 120x60 m. The landslides were probably caused by 
improper intervention during construction of the forest 
road. Active landslides are bound only to the slope debris 
containing coarse fragments from 40 to 80% and the slip 
surfaces were detected by the inclinometric measure-
ments at depths from 3.5 to 5.0 m. In the higher part of 
the slope (in the range of about 630-690 m above sea 
level) there is a block deformation (Fig. 8.10). Based on 
initial investigation works (Jadroň & Fussgänger, 1993) 
its dimensions were estimated to approximately 100 x 
140 m. According to our latest knowledge, this could be 
up to 220 x 140 m (dotted line in Fig. 8.10). Block de-
formation is result of gravitational movement of relati-
vely rigid sandstones over the layer of plastic claystone. 
During the movement from the main scarp zone the sand-
stones were disintegrated to individual blocks. The

maximum depth of the slip surfaces was detected by in-
clinometric measurements at a depth of 34.0 m below the 
surface (Figs. 8.11 and 8.13). 

8.3.1. Landslide activity - monitoring and its results 

In 1993, investigation boreholes (Jadroň & Fussgän-
ger, 1993) were equipped for the combined observations 
of groundwater levels (GWL) and movements on the slip 
surfaces (7 pcs). Four of them, which were placed in the 
active landslides, become inoperative since 2001. In 2002 
there were made 6 new inclinometric boreholes (without 
possibility of measuring GWL) in the active landslide on 
the forest road.  Furthermore, in 1995  there  were  built 4 
drainage fans (each with 3 horizontal boreholes), and 
their discharge is monitored. These drainage wells are the 
only remediation measure performed on the landslide up 
to now. 

 

Fig. 8.11 Profile across block deformation and active landslide on the slope above the water table level in the reservoir 
 

   
 

Fig. 8.12 Movements in three inclinometers, including P-2A, located in the active landslide on the forest road 
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At present, GWL can be measured in 3 wells and 
movements on the slip surfaces in 5 inclinometric bore-
holes (of which 3 are in active landslide and 2 in the 
block deformation). 

The analysis of measurements of movements in the 
inclinometric boreholes is the most important. Due to the 
nature and depth of the measured movements it was nec-
essary to assessed independently the active landslides at 
the forest road and the block deformation. 
 

Active (little) landslides 

In the landslide area with the forest road it has been 
confirmed that the activity of the movement still persists. 
The maximum deformation observed from 1993 to 2006 
was 300 mm (sum of deformations from two inclinome-
ters - the second one replacing the first one damaged). 
The movement is probably not continuous and uniform, it 
occurs only under extreme climatic conditions (excessive 
rainfall and snow melting). The depth of the slip surface 
of the active landslide on the forest road was found 3.0 -
5.5 m below the surface (Fig. 8.12). 

Based on the analysis of the inclinometric measure-
ments it was found in 2 inclinometric boreholes located 
outside the presumed area of the landslide active in 1993 
that since 1999 there was gradual expansion of the land-
slide and significant distortion of the forest road (Fig. 
8.13). 

 

 

Fig. 8.13 Main scarp area of the active landslide in the body of 
the forest road with inclinometer P-2A 

 
Block (large) deformation 

The block deformation, which is situated in the slope 
above the forest road, there is a gravitational movement 
of relatively rigid sandstones over the surface of a plastic 
claystone. Inclinometric measurements under the main 
scarp zone of the block deformation (borehole M-3 - 
Figs. 8.10, 8.11) confirmed the existence of a relatively 
thick slip zone (about 7 meters), along which there is a 
movement of the block of sandstone up to 34 meters thick 
(Fig. 8.14). 
 

 

Fig. 8.14 Inclinometric measurements in the borehole M-3 lo-
cated in the block deformation 

 
Total movement of 47 mm during 15 years was de-

tected. However it is important that the movement at a 
depth of about 28.0 meters is relatively uniform up to 
now (Fig. 8.15). 

Borehole M-2 (Fig. 8.9) was situated on morpholo-
gical platform about 60 meters above the forest road, 
and it was assumed (Jadroň & Fussgänger, 1993), that 
the platform was not the result of the slope movement. 
However, subsequently realized inclinometric meas-
urements showed quite a clear movement on the contact 
between sandstone and claystone (13.0 meters below the 
surface). The total resultant movement in this depth is 
almost 98 mm for 15 years. These findings led us to an 
opinion that the areal and depth extent of the block         
deformation is greater than it was originally anticipated.
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         Fig. 8.15 The curve of movements vs time in depth 28.0 m in the borehole M-3 
 

 
8.3.2. Forecast of development of the slope deforma-

tions and their influence on the operation of the 

water reservoir 

Development of the existing slope deformations and 
their potential impact on the operation of the water reser-
voir can be forecasted based on the measurements of the 
monitoring network (especially in inclinometric boreho-
les), and also calculations of slope stability (Kopecký & 
Hruštinec, 2006). Results of the calculations of the slope 
stability showed that the most important factor affecting 
the stability of the slope deformation is the groundwater 
level in the slope. This fact will have to be taken into ac-
count when designing remediation and stabilization 
measures. 

8.3.2.1. Active (small) landslides 

It is obvious that, provided no remediation works 
will be made on the active landslide area with the forest 
road (Kopecký & Hruštinec, 2006), than in some time 
there will be an absolute destruction of the slope and 
sliding of the deluvial sediments to its lower part and 
partially into the water reservoir. About 55,000 m3 of 
debris can be mobilized. However, we assume that in 
this process there is no threat to the inflow waterworks 
facility remote about 150 m from the accumulation of 
the active landslides. On the other hand, removal of 
rock masses from this area can cause acceleration of 
movements of the block deformation situated above the 
forest road. 

8.3.2.2. Block (large) deformation 

Based on the inclinometric measurements a link be-
tween deformations in an area of borehole M-2 and the 
deformations around the borehole M-3 cannot be ruled 
out. The knowledge of the fact whether there is acceler-

ated motion or movement is steady is crucial to the prog-
nosis of further development of the movements (Fig. 
8.15). However, as the inclinometric measurements are 
carried out only once a year, it is not possible to deter-
mine the nature of the movement reliably. 

If there are demonstrably accelerated movements in 
the area of the block deformation, it will be necessary to 
proceed to remedial or other measures, because at certain 
acceleration it will not be possible to stop the given 
movement. The subsequent movement of the rocks would 
likely jeopardize the operation of the water reservoir. 

8.3.3. Recommendation for the following monitoring 

Assessment of the stability of the slope on left side of 
the dam Nová Bystrica and forecast of its future devel-
opment with respect to the operation of the water reser-
voir were based only on pre-existing knowledge, where 
the inclinometric measurements play the critical role. 
Assumptions obtained by calculations and analyses corre-
spond to the accuracy of all existing data. 

For clarification of existing knowledge (especially in 
the area of the block deformation) the further works re-
commended are summarized in Tab. 2. 

   
8.4. Conclusion 

Based on the monitoring we assume that the landslide 
at the WR Liptovská Mara is temporarily calming; the 
movement has slow creep character. The only activation 
was recorded in the spring 2006, when there was a down-
turn in the crown zone of the landslides. The stability of 
the landslide slope described in this paper is primarily a 
function of groundwater levels and water level in the         
reservoir.  

On the WR Nová Bystrica the stability calculations 
demonstrated instability of the shallower landslides
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Tab. 8.2 Recommended remediation works on the Nová Bystrica landslide 

 
threatening the forest road, what was subsequently proven 
by measurements of the movements in boreholes equip-
ped with inclinometer. The movement was more than          
30 cm in 15 years. More dangerous for the operation of 
the water reservoir may be activation of the block defor-
mation above the shallow landslides. The movement of 
the blocks occurs along slip surfaces in greater depth 
(34 m and 12 m below the surface). The movement is 
uniform and is about 3-5 mm per year. Acceleration of 
this movement could have disastrous effects on the safe 
operation of the water reservoir. 

On the WR Liptovská Mara, the only representative 
measurements proving the actual movement of the land-
slide are measurements of elevation changes on geodetic 
points. Positional changes of geodetic points are irrele-
vant because unstable are even the reference points. It is 
necessary to rebuild a network of the measured geodetic 
points. It is also necessary to build several boreholes to 
monitor movement within the soil mass (inclinometer 
boreholes). Only then we can determine the critical 
groundwater levels and predict the actual development of 
the landslide slope. With respect to poor condition of the 
monitoring elements after 40 years of their operation it is 
necessary to build new or refurbished the old monitoring 
elements. 

In turn, on the WR Nová Bystrica there are quite good 
data on the movement of the landslide slopes, however 
less satisfactory there are data on groundwater levels and 
particularly there is a lack of data on the extent (area and 
depth) of the block deformation. 

The output of the article is therefore not only informa-
tion about the current stability of landslide slopes, but 
especially the proposal for their continuing monitoring, 
enabling reliable prediction of their further development 
and hence it is also the proposal of measures ensuring 
long-term trouble-free operation of the referred to water 
reservoirs. 
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Recomended works Purpose and output of the works 

Geodetic survey of the terrain morphology 
Creating a representative model of slope deformations (active 
landslides and block fields) 

Installing surface geodetic points and measuring their move-
ment 

Understanding the relative speed and direction of the move-
ment of blocks on surface (forecast of their future develop-
ment) 

Inclinometric measurements (twice a year) 
Construction of 2 pieces of new inclinometer boreholes in the 
block deformation 
Restoration of functionality of inclinometers P-5 and M-1 

Determination of the depth and size of the deformation in the 
rock environment – prediction of further development of the 
movements with identification of critical values of their velo-
cities 

Groundwater level (3 new piezometers with continuous meas-
urement of GWL), discharge of horizontal drainage boreholes 

Optimization of boundary conditions for stability calculations 
and determination of the critical levels of GWL 

Geophysical measurements 
Determination of areal and depth extent of the block deforma-
tion + specification of location of new inclinometers 
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