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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 Nemcok,
“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 (NiZznd Mysla, Kapusany, Niznd 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 Okoli¢né and Velkd Causa 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 § 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 Handlovd 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 Zec and Pavel Lis¢dk
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1. History of Systematic Research of Slope Failures in Slovakia

FRANTISEK BALIAK', PETER WAGNER? and PAVEL LISCAK’

'Department of Geotechnics STU, Radlinského 11, 813 68 Bratislava, Slovak Republic
“BakoSova 36, 841 03 Bratislava, Slovak Republic
3State Geological Institute of Dionyz Stiir, Mlynskd dolina 1, 817 04 Bratislava, Slovak Republic
e-mail: pavel.liscak@ geology.sk

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 Handlova 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 Handlovd 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.



Slovak Geol. Mag., 14, 1 (2014), 518

6 |

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 & Zaruba, 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 (Zaruba & 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 Véh cascade in the section between
Krpelany and Lipovec (Zaruba, 1954, Zaruba & 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 Zaruba (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. Ziruba 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. Handlova Catastrophic Landslide
(December 1960 — May 1961)

The Handlova 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 & Stricek,
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 m® (Zaruba &
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
Handlovd water-line and several lines of high voltage
(Nemcok, 1982). The Handlova Landslide is still consid-
ered the greatest natural disaster in Slovakia, induced by
slope movement (Baliak & Stricek, 2012).

The Handlovd 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 Handlovad 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
Handlov4 providing continuous monitoring of the land-
slide area, perhaps the most important consequence of the
Handlové 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
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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 Handlovd 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 Handlova 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 Kovacik & Suchdnkova (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 (Nemcok 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 (Nemcok 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 GIDS 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
& Klukanovd, 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 DoOGNR 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, Handlovd Basin (Malgot et al., 1973), Liptov
Basin (Mahr et al., 1984), Blh-Pokoradza Plateau
(Demian et al., 1990), Orava Basin (Vrabel 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 Kralovany Rockslide (Photo by Zilka, 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, Okoli¢né and others in the seventies —
Fussgiinger 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 Sucany, 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 Sered’ in connection with the Vdh Water-
works project (Otepka 1983) and a number of stability
studies in connection with the construction of roads
(Kopecky 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 Handlova Landslide activations
of 1960/1961 (most of them were recorded between 1966
and 1970 - Kuchdr, 1996 and in 1999 and 2000 - Ingdr &
Wagner, 2004), perhaps the most attention in a wide pro-
fessional and general public received catastrophic earth
flow in LCubietova 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 Lubietovd (Nemcok, 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 Handlovd Basin
(Velka and Mala Causa, Bojnice), as well as in Nova Bana
(Fussgénger 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 Handlova (Morovnianske sidlisko settlement in
the years 1974 to 1977), in KoSice (settlement Dargov-
skych hrdinov in the seventies), Zvolen (complex Zlaty
Potok in 1974) and other cities (Nemcok, 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 (Slivovsky, 1977), slope deforma-
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tion at Krivan Village or slumping slopes rail notch at the
Velky Krti§ (Slivovsky, 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 — Liptovskd Mara, DomaSa, Nova
Bystrica etc. (Kopecky 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 (Simekovd & Martinéekova,
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,
Simekovi 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 (Kopecky 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 Simekovi 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 Liptovskd Mara Waterwork,
where monitoring of the so-called Vel'kd 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 - Kopecky & 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
SGIDS. Among subsystems of relevant geological haz-
ards the prominent role plays the subsystem Landslides
and Slope Deformations (Klukanovd, 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 Handlova 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 (Jdnovd, 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).
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The long-term monitoring period (in most cases more
than 10 years) enables an accumulation of rich data sets
(Iglarova 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 Velkd Causa and Okoli¢né 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 Velkd Causa (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 Kralovany 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 m’
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

v 2

laser scanning (LiS¢ak 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
(Ondrasik, Gajdos, 2001). In other words risk is a product
of hazard and vulnerability (Fig. 1.3).

HAZARD

Triggering
factors

Conditioning
factors

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):

e geomorphological hazard mapping;

e analysis of landslide inventories;

e heuristic or index based methods;

VULNERABILITY

Elements
at risk

IF EVENT HAPPENS
THEN

Losses occur!

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

¢ functional, statistically based models;

e 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
Simekovd 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 Vicko 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); Paudit§, Bednarik (2002,
2006); Jurko (2003); Paudits (2005); Paudits, VIcko,
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,
Liscak). The to-date trends of statistical methods used in
GIS-based landslide hazard assessment are discussed in
detail in contribution Paudits 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 (Kralovicovd 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 Jelinek (2005), who analysed the Cubietova 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 Jelinek and Wagner (2007) for the case study area
Velkd Causa. In her PhD. Thesis Petrydesovd (2012)
applied the deterministic stability assessment of shallow
landslides in regional scale for the area between Hlo-
hovec and Sered 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 Chminany
Landslide area are analysed in detail in the contribution
by Kralovicova 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
Viah between the towns of Hlohovec and Sered’.

1.6.3. 2010 - Year of Landslides

Within the last two decades, there occurred several
landslides throughout Slovakia: in 1995 — Velka Causa,
Diviaky nad N., Bojnice; in 1998 — Handlov4, Kune-
Sovska cesta; in 2006 — Poriadie, Podkozince, Bukovec,
Cadca, Svré&inovec, Povina, Prosiek, Mojtin. 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 (KoSice and PreSov 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 Niznd Mysla, Kapusany, PreSov - Pod
Wilec Horkou and Horarska, Niznd a VySnd Hutka,
Vysny Caj, Varhatiovce, etc.

Soon afterwards, by the mid of June the Government
addressed the Slovak Geological Institute of Dionyz Stir
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
km®. In principle, the methodology consisted of the fol-
lowing successive steps in the field survey followed by
the analysis of the results (Li§¢dk 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;

¢) 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 SGIDS 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, SGIDS
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*
(gimekové 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 Kosice and PreSov regions

Roads Ist class Roads 2nd and 3rd class Railways
(m) and local roads (m) (m)
District Damaged Threatened Damaged Threatened Damaged Threatened
801 Gelnica 0 0 48 53 0 45
806 Kosice - surrounding 0 0 477 2,234 0 78
802 Kosice I 0 0 0 52 0 0
808 RoZnava 0 0 0 0 0 0
810 Spisskd Novéd Ves 0 0 111 494 0 23
Region Kosice 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 KeZzmarok 0 0 110 1,072 0 67
704 Levoca 0 0 185 436 0 0
705 Medzilaborce 0 0 25 44 0 0
706 Poprad 27 138 33 92 0 0
707 Presov 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 Stara Pubovna 0 97 578 1,532 0 66
711 Stropkov 0 0 527 2,448 0 0
712 Svidnik 0 0 270 1,074 0 0
713 Vranov nad Topl'ou 0 0 200 280 0 0
Region PreSov 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, Piestany, 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);

e 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);

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

e Monitoring of slope deformations (continuous col-
lection of data, implementation of remote sensing, early
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warning systems development at sites of the highest
socio-economic relevance).

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

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

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

e 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 Handlovd 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 Handlovd 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, Simekovd, Martindekovd et al., 2006)
was being completed. The project was funded by the
Ministry of the Environment, the contractor company was
INGEO-ighp Zilina, in cooperation with the Department
of Geotechnics SF STU Bratislava, GEOKONZULT
Kogice, SGIDS 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 (TAssoc. 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:

e Results of previous inventories of landslides carried
out in three stages (Tab. 2. 1), which were processed in
the Landslides register of Geofond.

e 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).

e Geological maps of scales 1:50,000, 1:25,000.

e 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.

e 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

slava, UUG Prague

punch cards

Inventory Period Provider Output document Territory
stage
GIDS Bratislava, FCE STU Depiction of landslide contours | Endangered areas along communi-
1st 1962-1964 | Bratislava, FNS CU Brati- in map 1:25,000; description on | cations and in the vicinity of mu-

nicipalities

Department of Geotechnics

2nd 1974-1978 | £CE STU Bratislava

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

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

3rd 1981-1988 | GIDS 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.

e 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
SGIDS (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 Nemcok - Pasek - Rybar
(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:

e Zone of unstable area (red area)

e Zone of potentially unstable area (yellow area)

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

Fig. 2.3 Detail of the map sheet 26-41 Trstend

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:

e 13,012 (61.4%) slope deformations were retrieved
from archival documents without their field validation;

e 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.);

e 2102 (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 (Nemcok, 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 Lisc¢4k 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 (Simekova, Martindekovi et al., 2006)

Acreage Acreage in total Acreage of slope failures Disturbance by slope failures [%]
[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 Trstend
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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%).

Acreage of identified slope deformation types
in SR (%)

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.
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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-
pecky 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,
Pasek, 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 Hrasna, Klukanova 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-
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Tab. 2.3 Occurrence of the main types of slope deformations in the engineering geological regions and areas of Slovakia
EG EG Massif Block ridges Landslides Flows Rock Slope Total Total EG
Region Area disintegration and fields fall deformations EG Area Region
in combination
[ha] [ha] [ha] [ha] [ha] [ha] [ha] [ha]
A Aa 6,355.5 2,726.7 5,291.1 862.9 975.0 1,442.2 17,653.4 237419
Ab 1,301.1 579.5 3,934.1 9.8 75.5 188.6 6,088.5
Bc 134.8 2,266.8 24,7322 153.8 9.1 231.8 27,528.5
B 138,169.7
Bd 25.3 2,150.4 105,956.2 568.7 1.3 1,939.3 110,641.2
Ce 61.0 19,085.4 17,737.7 263.1 3733 1,045.6 38,566.1
C 52,2143
Cf 10,311.4 3,167.3 14.7 13.2 14.6 13,648.2
Dg 50.6 2,207.0 33,449.7 97.5 39 538.8 36,347.5
D 43,465.5
Dh 113.1 6,969.7 352 7,118.0
IN TOTAL 7,928.3 39,440.3 201,238.0 2,005.7 | 14513 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
EG Massif Block ridges Landslides Flows Rock fall Slope deforma- TOTAL
Region disintegration and fields tions in combi-
nation
area area arca area area area area
No [ha] No [hal No [ha] No [hal No [hal No [ha] No [ha]
A 114 7,656.6 | 88 3,306.2 1,260 9,2252 | 672 872.7| 84 1,050.5 | 41 1,630.8 | 2259 | 23,7419
B 5 160.1 | 147 4,417.2 | 12,624 | 130,688.4 | 156 7225 4 104 | 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 52,2143
D 3 50.6| 51 2,320.1| 3,513| 404194 | 34 1327 3 39| 4 538.8| 3,608 | 43,4655
TOTAL | 128 7,928.3 | 804 | 39,4403 | 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 Share of EG Area Acreage of EG Area disturbed Share of slope deformations Share of slope deformations of
Area in the area of SR by slope deformations of EG Area in the area of SR | EG Area to disturbed area of SR
% [km’] % % %
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 2,575.91 525 100.00
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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 Fig. 2.9 Disturbance of the regions of the Slovak Republic by
Slovak Republic slope deformations in %
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est disturbance by slope failures is documented in the
Prefov region followed by Zilina and Bansk4 Bystrica
regions (Fig. 2.8).

In terms of percentage disturbance to the total area of
the region, Zilina is the most affected region followed by
PreSov and Trencin 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 (Simekovd,
Martincéekovd et al, 2006)

Type of object Extent
Buildings (housing estates and other buildings) 27,920 objects
Ot st el e | g s
Sites with more than 50 objects endangered* 168 sites
Motorways and roads of the I class 98 816 m
Roads of the I and IIT" 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 SGIDS (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:

e 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, ¢, d);

e 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);

e visualisation of smaller slope deformations (with
dimensions <250 m) only by icons (e.g., Fig. 2.10e, f -
landslide Nr 216);

e inequalities (distortion) among topographic docu-
ments of different scales.

2. Deficiencies arising from the lack of nation-wide
mapping:

e 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):

e 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, SGIDS regis-
tered 551 new active slope failures using precise GNSS
measurements (Lis¢ak et al. 2010).

4. Deficiencies resulting from inaccuracies of the
source documents:

Objective errors:

e 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;

e inaccurate or outdated topographical maps used in
the course of mapping work;

e 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);

e 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 Atlas’ zoning map; b, d - detail from working groundwork map Atlas’ 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)

e inaccessibility of the terrain in terms of build-up
land or other land use (fenced private facilities, military
facilities, etc.).

Subjective errors:

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

e inaccurate and incorrect mapping information due
to inconsistency of the mapping geologists;

e subjective approach of a mapping geologist in
harder identifiable slope failures;

e 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:

e 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.

e 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.

e 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 SGIDS 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).
e 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.

e 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.

e 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:

e 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;

e 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;

e 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:

e 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;

e For the creation of spatial plans in medium and
small scales;

e For physical and legal entities when buying land;

e For building committees of local authorities in
building proceedings and issuing a building permit;

e 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 Zilina and Presov 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.

References

Atlas krajiny Slovenskej republiky. (Atlas of Landscape of the
Slovak Republic), 2002: 1. vyd., Bratislava: Ministerstvo
Zivotného prostredia SR; Banskd Bystrica: Slovenské agen-
tdra Zivotného prostredia, 344 p. (In Slovak).

Kopecky, M., Martinc¢ekovd, T., §imekové, J., Ondrasik, M.,
2008: Atlas zosuvov — vysledky rieSenia geologickej dlohy.
(Atlas of landslides - results of the geological project solu-
tion). In zbornik 6. konf. Geoldgia a Zivotné prostredie. Bra-
tislava: SGIDS, 2008, p. 105-110, ISBN 976-80-89343-06-5.
(In Slovak).

Lis¢ak, P., Bednarik, M., Feranec, J., 2009: Landslide hazard in
afforested territories of Slovakia. Proceedings of the 33rd
International Symposium on Remote Sensing of Environ-
ment (ISRSE), May 4-8, 2009, Stresa, Italy.

Liscak, P., Paudits, P., Petro, L., Iglarov4, L., Ondrejka, P.,
Dananaj, 1., Bréek, M., Bardth, 1., Vlac¢iky, M., Németh, Z.,
Zahorovd, L., Antalik, M., Rep¢iak, M., Drotédr, D. 2010:
Registration and evaluation of newly evolved slope failures
in 2010 in PreSov and KoSice regions. Miner. Slov., Vol. 42,
No. 2, p. 393-406. ISSN 1338-3523

Matula, M., Pasek, J., 1986: Regiondlna inZinierska geoldgia
CSSR. (Regional Engineering Geology of Czechoslovakia).
Bratislava: Alfa. 295 p. (In Slovak).

Nemcok, A., Pasek, J., Rybdt, J., 1974: Déleni svahovych po-
hybu. (Division of slope movements). In: Sbornik geol. véd.
R. HIG, Praha, ro¢. 11, s. 77-93. (In Czech).

Nemcok, A., 1982: Zosuvy v Slovenskych Karpatoch (Land-
slides in the Slovak Carpathians). Bratislava: SAV. 320 p.
(In Slovak).

Simekova, J., Martincekovd, T., Abrahdm, P., Gejdos, T.,
Grenéikovd, A., Grman, D., Hrasna, M., Jadron, D.,
Zathurecky, A., Kotr¢ova, E., Liscak, P., Malgot, J.,
Masny, M., Mokrd, M., Petro, L., Polas¢inovd, E.,
Sol¢iansky, R., Kopecky, M., Zabkova, E., Waniekovi,
D., Baliak, F., Caudt, L., Rusndk, M., Sluka, V., 2006:
Atlas mép stability svahov SR v M 1 : 50 000, orienta¢ny
IGP. (Atlas of Slope Stability Maps SR at Scale 1:50,000).
MZP SR, INGEO-ighp, Katedra geotechniky SvF STU,
SGIDS, GEOKONZULT, PriF UK. (In Slovak).



Slovak Geol. Mag., 14, 1 (2014), 31 — 40
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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 e 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 (gimekové & Martinc¢ekova, 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 (Lis¢dk 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 Handlov4,
active at the turn of 1960/61, which inflicted enormous
economic damage. Following the Handlovéd 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
Dionyz Stir (SGIDS). 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, Simekova 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 (Paudit§ et al.,
2014).

Currently, or in the near future national base map se-
ries ZB GIS shall be available to the public (Michalik,
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 (grémkové, 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 SGIDS 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 (LiS¢dk 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 GeolS (=2>http://mapserver.geology.sk/
ZOosuvy).

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 Handlovd landslide in 1960, when 150
homes were destroyed along with 2 km long stretch of
State Road 1/50, Southeast branch of the Handlova water
pipeline, several lines of high voltage, etc.

The cases of the Handlova 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 Nemcok and co. (for instance,
Nemcok 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 Spurek 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
(gimekové & MartincCekova, 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 SGIDS 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 Simekovi 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 SGIDS 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
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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:

e producing detailed land use plans,

¢ landslide risk assessment for specific parcels and

property,
e basis for insurance companies, etc,
e 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 (Paudit§ and Bednarik, 2002; Paudits,
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 Paudit§, 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 (Spacek, 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 (2>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; Siizen 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 (Simekova and Martince-
kova, 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
gml0_zosuvy_poly, selected linear entities are stored in table gm10_ zosuvy_odlucne_hrany (Tab. 3.1)

Tab. 3.1 List of database tables

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).

smS5_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).

e the possibility of using different software platforms
to access and edit the database (GIS programs, MS Excel,

MS Access, WEB browsers, etc..);

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

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

e 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

3.4.1. Digitization of field maps

The field maps, usually processed within the Atlas
(gimekové & Martincekovd, 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-
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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

recistracne cislo intecer Label of a registered landslide in database created in the scope of the Landslides
& ~ g inventory 2010 (Li$4k 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.

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-

kvalita double precision 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.
Socio-economic classification of the risk induced by sliding: R1 - low risk, R2 -

kategoria_sev varchar(5) moderate risk, R3 - high risk, R4 - very high risk, potential threat to lives and prop-

erty (Lis¢ék et al., 2010).

plocha double precision Area of landslide in ha.
obvod double precision Perimeter of landslide (outer line) in m.
idsef varchar(75) Code of the geological basement of landslide corresponding to unified database

legend GeolS (SGIDS, 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, O - false).
haz_cesta Boolean Information on risk for other roads (1 - true, O - false).
haz_zeleznica Boolean Information on risk for railway (1 - true, O - false).
haz_budova Boolean Information on risk for buildings (1 - true, O - false).
pricina_antropog Boolean Irl_fqrmation, 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, O - false).
sanacia_real varchar(75) Year(s) of remediation (several years are separated by comma).
poznamka memo Notes to landslide.
geometry PostGIS geometry (100100 is SRID/EPSG code of cartographic projection JTSK 03/
geom (polygon, 100100) Krovak East-North with binding transformation key GKU for SR).
saznamenal varchar(125) rl\iz?rllz S(;g ‘geologist, who inserted record into the database (responsible for record cor-
row_id ?gﬁiary 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 .Registratilon number .in Atlas (gimekové & Martinc¢ekova, 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 GKU binding transformation key for the
SR territory (Dros§¢dk, 2011). The achieved accuracy
(RMS error) including the error of transformation
WGSS84/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 GKU 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; Sramkovi,
2004), available to SGIDS 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 SGIDS
geologists promptly made registration of 551 active slope
deformations in the territory of Eastern Slovakia (Lis¢ak
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 Chmelnica 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
SGIDS 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 The database stores these original field records with-
GPS survey, or orthophotomaps 1:5,000. out any adjustments in specific tables (gps_trasy_gpx2d,

7. Landslides plotted into the map 1:25,000 without  gps_trasy_ssfSd, Tab. 3.1) in separate database Schema.
GPS survey.

Fig. 3.2 GPS recording of landslide main scarp in Spisské 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" (§imek0vé & Martincekova, et al., 2006,
see also paper by Simekovi 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:

e 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;

e slope deformations registered by SGIDS geologists
in their expert visits to emergency landslides reported to
MOoE 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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4. Landslide Hazard Assessment Using Spatial Statistical Methods
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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 Sered’ (Slovak Republic) in detailed map scale.

Keywords: landslide hazard ¢ landslide susceptibility map *
spatial statistics * bivariate analysis with weighting ¢ multivari-
ate conditional analysis ¢ parametric maps ¢ Geographic Infor-
mation Systems (GIS) * Hlohovec — Sered’ area

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 Kovacik (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 Sered’ 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 (SGIDS, Igldrova 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 Nemcok, Pasek and
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Rybat (Nemcok et al., 1974) and Matula (1995),
Ondrasik & Gajdo§ (2001), Drdo§ (1992), Minir &
Trembos (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; Jiger &
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 & Chacén (1996); Clerici (2002); Siizen
& 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 Vicko 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 (Paudit§ & Bednarik, 2002; Bednarik
et al., 2005; Jurko et al., 2005; Paudits 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; Magulova,
2009; Petrydesova, 2012).

At present, the attention is focused in specific theo-
retical and practical aspects of these methods (Bednarik
& Paudits, 2010) as well as a comprehensive assessment



4. Landslide Hazard Assessment Using Spatial...

of larger areal units, including transboundary areas
(Bednarik & Lisc¢édk, 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 kmz, 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 (Tucek, 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); Jiager & 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).
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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:

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

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

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

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

e 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 VI¢ko 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.



4. Landslide Hazard Assessment Using Spatial...

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 Kfovak
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 GKU 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; Michalik,
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 SGIDS 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
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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/
ArcInfo™, 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 kmz) 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 km® 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 m”) and intensity was expressed as the percentage
or per mille (Bednarik & Paudit§, 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: Paudit§ & Bednarik, 2002).

Lithology Slope Elevation
Primary classes 1234567891011 123456 123456
Secondary reclassified classes 4119112331081 564321 654321

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/m; - 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= EC*L*Wi

i=1 m;

“.1)

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;

m; — the number of categories in the relevant parametric
map;

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

W; — 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 (Kovacik, 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 (Paudits et
al., 2005; Paudits, 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 & Lis¢dk, 2010; Holec et al., 2013;
Petrydesovd, 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, y° test,
etc.). This way obtained weight can be used only in the
process of the bivariate analysis.
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The methods of determination of the weight of input
parameters could be various: as a whole, including all
classes (VICko et al., 1980) or individual for each class
(category) within the parametric map (van Westen, 1993;
Donati & Turrini, 2002; Siizen & 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 VI¢ko et al.
(1980). The present approach is based on the principle of
the bivariate analysis, which determines the intensity of
slope deformations occurrence (p;) in the individual
classes of input parameters. Within the model area be-
tween Hlohovec and Sered 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 (H;) and
maximum entropy (H,,,) of the system according to the
following equations:

Sj
Hy=-¥[p, *log,(p;)] 4.2)
i=1

H; — entropy;

S; — number of components in system — classes in para-
metric map (j = L... n);

pi; — probability of the landslide occurrence in class of
parameter (i=1 ... S;).

Hjmax =10g,* S ; 4.3)
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H; 1nax — Maximum entropy;
S;  —number of classes in the parametric map,
j=1..n.

The information coefficient I; is defined according to
equation, forj=1,2... n:
H H .

= Zjmax T (4.4)
H

Jjmax

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 W; is the product of
the information coefficient /; and the average probability
p; (represents the real probability values for each classes
of all parameters), forj=1,2 ... n:

Wi=1;*p; (4.5)

Calculated weight value of each parameter can be
entered into the equation (4.1) as the value W; 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 O (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 m’ ([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. x°). 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):

e calculation of the mean intensity of landslides (M,
- 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 %o:

N . MSUE

i — 1400}
N, total

M= (4.6)

e the searched range of the interval of the landslides
occurrence intensities in each combination (C; - class
interval) can be determined from the equation:

M, *2

Ci:
N,

4.7

inrervals

e 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 — C;; (C; +1) — (C; * 2); [(C; *2) + 1] - (C;
*3); ...etc. In the present paper, where the value of M, =
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:

e coloured area zonation (zones and subzones);

e 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
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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 — Sered, 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 (Kacer 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 ma. 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 (Miklés & Izakovicova, 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
Viah 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 Paudit§ (2005) and Bednarik
(2007): convex (positive values), concave (negative val-
ues) and linear (values close to 0O — inflection points).
During the reclassification process the following intervals
were used (Paudits, 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 km?). 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).
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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 GKU
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 Sered’ 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 & Paudits, 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 & Paudits, 2010).

Overall, the slope deformations cover the area of 5.98
km? (597.98 ha) of the total area 89.4 km?, 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 km? (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 Spatial distribution of classes
area S; [kmz] area S;[%] graphic visualization
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
[ms. 1] 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

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:

e 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.

e 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. 1.
which occupies more than 45% of the whole area. Above
220 m a. s. . (12% of the area) occur only less than 9% of
all registered landslides.

e 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 6™ class with an interval of 11° to 17°. According to
the classification by Hrasna (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.

e 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.

e 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 Vah. Locally this width has
been reduced (depending on the meandering of the river
Viah) and within the distance 250 m occur 37% of the
landslides.

e 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
VIcko et al. (1980). The results are presented in Tab. 4.4,
where the values of calculated weights (W;) 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.
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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 + "Induse_recl_2" * 1.8 * 0.001723118

(4.8)

Fig. 4.4 Graphical view of spatial distribution of landslides within the classes, where: 11 - 9] means classes in lithological parametric
map; ldem - 5dem means classes in map of digital elevation model; 1sa — 9sa are classes in parametric map of slope angle; Ic - 3¢
means curvature of relief; leds - 7eds are classes of Euclidean distance to stream and lalu - 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 (N,) and in the third column
are the cells of the UCUs containing the landslides
N,ix(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 (%o).
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Fig. 4.5 Landslide susceptibility map created by bivariate statistical analysis.
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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
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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 5™ class of the landslide haz-
ard.

within the 5th class of the landslide hazard, are given in Parameter Class Count Count
Tab. 4.7. N,ix(MSUE) ‘NpiX(MSUE)
Based on the Tab. 4.6 and Tab. 4.7 the following facts lm Sﬂ.l class of
. . ] andslide hazard
have resulted. The landslides occur mainly in the forma-
tion of slope sediments where there were recorded 231 1 0 0
combinations with landslides (from the overall 655) and 2 0 0
the second class with the relative high frequency of land- 3 0 0
slides is linked to the class of the Neogene clay deposits. 4 57 52
It means that these categories are mostly affected by slid- lithology 5 231 171
ing, which is in accord with the results of the bivariate 6 144 122
analysis. The classes of the Holocene fluvial and prolu- 7 84 55
vial sediments (2 and 3) are not influenced by landslides. 8 13 6
The second place in the first column belongs to the 9 126 75
actual land use. Regarding the agriculture exploitation of 1 0 0
the study region the most affected areas are the forests 2 209 85
and arable land. land use 3 354 315
4 56 47
Tab. 4.5 Spatial distribution of classes of the landslide hazard 5 36 34
and spatial distribution of landslides within the landslide hazard
classes. 1 23 23
2 43 41
Class | Landslide | Spatial distribution Spatial distribu- 3 83 76
2:2;2 jf classes tion “(])igirllctiﬁleldes distance to 1 133 108
[km] [%] classes [%] stream 5 209 146
1 very low 30.83 34.48 0.74 6 164 87
2 low 23.39 26.16 2.544 7 0 0
3 moderate 20.02 22.39 6.334 8 0 0
4 high 12.74 14.25 31.25 1 351 208
5 very high 2.44 2.72 59.14 curvature 2 2 2
3 302 271
Tab. 4.6 An example of multivariate statistical analysis results. 1 18 9
2 23 8
UCU Npix Npix(MSUE) D susc. 5 3 50 22
9.3.3.3.6.2 39 25 641.03 5 4 86 45
935353 780 12 15.38 5 6 143 116
526.152 2884 38 13.18 4 7 86 81
9.2.6.153 7301 94 12.87 4 8 74 70
9.45.1.6.2 196 2 10.20 4 9 21 19
5.2.6.1.6.3 2486 25 10.06 4 1 148 140
9.34.15.2 101 1 9.90 3 2 394 298
9.2.63.54 4563 45 9.86 3 DEM 3 86 39
5.2.63.6.4 411 4 9.73 3 4 27 4
726332 | 18982 76 4.00 2 5 0 0
9.25.1.23 259 1 3.86 2
9.3.3.3.8.2 261 1 3.83 2 Another important factor influencing the slope stabil-
926344 1836 6 3.27 1 ity is the slope angle. From statistical combination results
5.2.63.33 7645 24 3.14 1 that the dominating are the slopes with angles from 7° to
9.26.1.24 340 1 294 1 17°, predominantly in combination with lithological
52.6.1.1.3 2055 1 0 1 classes 5 and 9. These results are very similar to those of
9.25.1.32 2634 1 0 1 the bivariate analysis. The final map (Fig. 4.6) was di-
9.25.1.52 2762 1 0 1 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 M,
in the study area is 3.307%o and based on the equation 4.7
the class interval C; 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.

Class Landslide Spatial Spatial distribu-
susceptibi- distribution tion of landslides
lity degree of classes within the

[km?] [%] 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. 1. 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
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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 5" class is almost 25%
higher than the 5" 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 (140-180ma.s. 1)

5(>260ma.s. 1)

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

Class Landslide hazard Spatial distribution of classes Spatial distribution of landslides
degree within the classes
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 31.25 591
5 very high 2.72 3.90 59.14 83.48

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:

e 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;

e 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.);

e 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;

e 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;

e 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.
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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 - Sered’ 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-

| 61

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
tzemnopldnovacej dokumentécie. (Landslide risk assess-
ment for urban planning). Phd Thesis. Bratislava: FNS CU,
130 p. (In Slovak).

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

Bednarik, M. & Paudits, P., 2010: Different ways of landslide
geometry interpretation in a process of statistical landslide
susceptibility and hazard assessment: Hornd Suca (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. Vestnik MZP 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 Vestnik MZP 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.

Drdos, J., 1992: Prirodné prostredie: zdroje - potencialy - tinos-
nost’ - hazardy - rizika. (Natural environment: sources — po-
tentials — capacity — hazards — risks). Geograficky Casopis,
44, 1, p. 30-39. (In Slovak).

Grman, D., Boszdkovd, M., Magdoskovd, M., Takic¢, P.,
Waniekovd, D., Zec, B., Baldzov4, R., Hajdukova, J., Sy-
¢ev, V., Udi¢, M., Stercz, M., Zurbej, J., Bednarik, M.,
Laho, M., Lis¢dk, P., Pilenik, Mil., Pilenik, Mich., Sluka,
V., Smolka, J., Smolka, M., Simekov4, J., FarkaSovsky, R.,
Jacko, S., Janocko, J., 2011: InZinierskogeologické mapo-
vanie svahovych deformdcii v najohrozenejSich tzemiach
flySového pdsma vM 1:10 000, orientany inZiniersko-
geologicky prieskum. (Engineering geological mapping of
slope deformations in the most threatened territories of the
Flysch Zone). ZS, GEO Slovakia, Kosice. (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 informacné systémy a dial’kovy
prieskum Zeme. (Geographic information systems and re-
mote sensing). (Textbook). PreSovska Univerzita. Fakulta
humanitnych a prirodnych vied. VS ugebné texty, 116 p. (In
Slovak).

Holec, J., Bednarik, M., Sabo, M., Mindr, 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.

Iglarova, L., Klukanovd, A., Wagner, P., Hrasna, M., Cipciar,
A., Frankovskd, J., Mikita, S., Bajto$, P., Smolarova, H.,
Gluch, G., VI¢ko, J., Bodis, D., Ondrasik, M., Ondrejka, P.,
Liscak, P., Paudits, P., Petro, L., Dananaj, 1., Hagara, R.,
Moczo, P., Labdk, P., Kristekova, M., Ferianc, D., Vanko,
J., Kovacikovd, M., Zihorovd, L., Matys, M., Gajdos, V.,
Masarovicovd, M., Slavik, 1., Vybiral, V., Rapant, S., Brcek,
M., Greif, V., Kordik, J. & Slaninka, 1., 2011: Ciastkovy
monitorovaci systém — geologické faktory, sprava za obdo-
bie 2002 — 2009, zaverecna sprava. (Partial monitoring
system - Geological Hazards, Final report). Manuskript.
Archiv MZP SR - SGUDS, Bratislava. (In Slovak).

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

Jager, 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., Majtén, S. & Omura, H., 1997: Debris flow disaster in
Harihara, Japan. Acta Geologica Universitatis Comeniane,
52, p. 59-60.

Jurko, J., 2003: Mapa nédchylnosti izemia Liptovskej kotliny na
zosuvanie. Landslide susceptibility map of Liptovskd kot-
lina basin. Diploma Thesis. FNS CU Bratislava, 47 p.

Jurko, J., Paudits, P., VICko, 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.

Kacer, §., Antalik, M., Lexa, J., Zvara, 1., Fritzman, R.,
Vlachovi¢, J., Bystrickd, G., Brodianska, M., Potfaj, M.,
Madards, J., Nagy, J., Maglay, J., Ivanicka, J., Gross, P.,
Rakds, M., Vozérova, A., Bugek, S., Boorova, D., Simon,
L., Mello, J., Poldak, M., Bezik, V., Hok, J., Tetdk, F.,
Kone¢ny, V., Kucera, M., Zec, B., Elecko, M., Hrasko, L.,
Kovacik, M. & Pristas, J., 2005: Digital geological map of
the Slovak Republic at scale 1:50,000. Bratislava: MZP SR,
SGUDS. (In Slovak).

Kovécik, M., 1996: Mapa relativnej nachylnosti izemia k zosu-
vaniu v mierke 1 : 50 000. Metodika zostavenia mapy. (Map
of relative susceptibility to landsliding. Methodology).
Bratislava: Geologickd sluzba Slovenskej republiky. (In
Slovak).

Magulovd, B., 2009: Pouzitie GIS pre tvorbu mdp geohazardov
ako podkladov pre urbaniza¢né planovanie. (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., Ondrasik, R., Holzer, R., Wagner, P., Hrasna, M. &
Letko, V., 1983: Met6dy inZinierskogeologického vyskumu.
(Methods of engineering geological research). Textbook.
VS skriptd. Bratislava: PRIF UK, 223 p. (In Slovak).

Matula, M., 1995: Geoldgia v tizemnom pldnovani a vystavbe.
(Geology for spatial planning and development). Bratislava:
Priroda, 213 p. (In Slovak).

Matula, M., Holzer, R., Hrasna, M., Hvankova, A., Letko, V.,
Ondrasik, R., VI¢ko, J., & Wagner, P., 1989: Atlas inZinier-
skogeologickych madp SSR v mierke 1 : 200 000. (Atlas of
engineering geological maps at scale 1:200,000). Stbor 12
mapovych listov. Bratislava: Katedra inZinierskej geoldgie
PRIF UK, SGU a GUDS. (In Slovak).

Michalik, L., 2010: ZB GIS referen¢ny zdklad ndrodnej in-
frastruktdry priestorovych informécii. (ZB GIS — Reference
basis for National Spatial Data Infrastructure). In: Kopacik,
A. & Liptak, 1. (eds.): Zbornik referdtov z konferencie: 18.



4. Landslide Hazard Assessment Using Spatial...

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

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

Mindér, J. & Trembos, P., 1994: Prirodné 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).

Nemcok, A., Pasek, J. & Rybat, J., 1974: Deleni svahovych
pohybt (Division of slope movements). In: Sbor. Geol. Véd,
HIG, Praha, 77-97. (In Czech).

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

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

Paudit§, P., 2005: Hodnotenie nichylnosti Gizemia na zostvanie
s vyuzitim Statistickych metéd v prostredi GIS. (Landslide
susceptibility assessment using statistical methods within
GIS). PhD. Thesis, Bratislava: FNS CU, 153 p. (In Slovak).

Paudits, P., 2006: Hodnotenie nichylnosti Gzemia na zosivanie
s vyuZitim Statistickych metéd v prostredi GIS. (Landslide
susceptibility assessment using statistical methods within
GIS). Geol. Prace, Spr. 112, Bratislava: SGUDS, p. 41-58. (In
Slovak).

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

Paudits, P., Vicko, J. & Jurko, J., 2005: VyuZivanie Statistic-
kych metdd pri hodnoteni ndchylnosti tizemia na zostvanie.
Statistical methods in landslide hazard assessment. Miner.
Slov., Vol. 37, No. 4, p. 529-538.

| 63

Petrydesovd, L., 2012: Hodnotenie zosuvného hazardu v mode-
lovom uzemi Hlohovec - Sered’. (Landslide hazard assess-
ment of selected area Hlohovec - Sered). 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.

Stizen, 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.

Tucek, J., 1998: Geografické informacné systémy. Principy 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, 1., 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: areview of
principles and practice. Natural hazards, 3, Paris: UNESCO,
63 p.

VIcko, J., Wagner, P., Rychlikova, Z., 1980: Spdsob hodnotenia
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




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', JULIA SIMEKOVA?, BRANISLAV ZEC?, DUSAN GRMAN® and MARCELA BOSZAKOVA®

'Comenius University, Faculty of Natural Sciences, Department of Engineering Geology, Mlynska dolina,
842 15, Bratislava, Slovak Republic
“State Geological Institute of Dionyz Stiir, Mlynskd dolina 1, 817 04 Bratislava, Slovak Republic
3GEO Slovakia, s. r.0., Rampovi 4, 040 01 Kosice, 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., KoSice,
GEOTREND, Ltd., Zilina, Faculty of Natural Sciences,
Comenius University in Bratislava, Slovak University of
Technology in Bratislava, Technical University in KoSice
and SGIDS 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:

e Specialized engineering geological map at scale

1:10,000

e Map of documentary points at scale 1:10,000

e Landslide hazard map at scale 1:10,000

e 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 (gimekové 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 (LiS¢ak et al., 2009, Bednarik &
Lis¢dk, 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 (Zilina Region) and
eastern parts (PreSov Region) (Fig. 5.1), representing
whole or partial cadastres of 50 municipalities in five
districts of the Zilina Region (13 municipalities partially),
310 municipalities in 11 districts in the PreSov 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 % (Simekovi 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 & PaSek, 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:

e Sub-region of Outer Flysch Carpathians,

e Sub-region of Klippen Belt,

e 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:

e (Quaternary lithological complexes with thickness

more than 1 m,
e 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,

e 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 (Nemcok,
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
. . . . Index -
Period Formation Lithological complex s Basic lithotypes
within map
anthropogenous 1 deposits, landfills
slope sediments 2 clays, silts, debris
. valley 3 gravels, clays, silts, debris
proluvial -
terrace 4 gravels, clays, silts
uatern . alluvial 5 ravels, clays, silts, sands
Quaternary Q ay fluvial £ Y -
cover terrace 6 gravels, clays, silts
glacifluvial 7 gravels, clays, sands
organogenous 8 clays, sands
organic 9 peat
chemogenous 10 foamstones
tuff 11 tuffs, conglomerates, sandstones
Neovolcanites | extrusive andesites 12 andesites
effusive andesites i
Neogene : 13 andesites
siltstones-claystones .
; claystones, siltstones, sandstones,
Molasse siltstones-sandstones 14
conglomerates
sandstones-conglomerates
sandstones, claystones
Flysch sandstones-conglomerates 15 - cay >
Paleogene conglomerates, breccias
Flysch with predominance of claystones 16 claystones, sandstones, siltstones
Flysch - -
Paleogene- Flysch with predominance of sand- 17 sandstones, claystones,
Cretaceous stones conglomerates
Paleogene claystones 18 claystones
- . marlstones, claystones, sandstones
galetogene Flysch marlstones-limestones 19 limest ’ yl i " ’
retaceous Variegated imestones, conglomerates
Cretac.e Ous- | sandstone- 20 limestones, sandstones
Jurassic marlstone- limestones
Jurassic limestone 21 limestones, radiolarites
Triassic 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

- stone seas

Sliding ) dlffgrent pres dormant, stabilized, active
- erosive slides
. - flows . .
Flowing _ streams dormant, stabilized, active
. - debris cones, scree cones .
Falling ’ 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

- ,}5) Slope deformations (SD)
i E o Area of LC % from % from % from
g Lithological complex (LC) § g area area of total area the total
e g LC of SD area
£ km® % km® % % %
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
5; proluvial - Pleistocene 3 25.10 0.62 0.18 0.70 0.03 0.00
i 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
g fluvial 6 54.26 1.34 2.18 4.02 0.38 0.05
c:y 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
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
2 andesite 12,13 6.97 0.17 0.41 5.90 0.07 0.01
RS Molasse Formation 14 4.85 0.12 0.53 10.92 0.09 0.01
é sandstones-conglomerates 15 301.13 7.45 28.40 9.43 4.98 0.70
] . .
% gayyssct}(‘):e‘:h predominance of 16 844.24 20.89 131.95 15.63 23.12 3.26
§ grylzcslt‘og;h predominance of 17 482.49 11.94 50.45 10.46 8.84 1.25
3 claystones 18 1.81 0.04 0.09 5.10 0.02 0.00
A~ marlstones-limestones 19 85.49 2.12 21.07 24.65 3.69 0.52
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 (Paudit§ &
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 VIcko et al. (1980).
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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:

y=3CHW,

i=1

S.D

where:

y - the value of landslide hazard in the final map,
i - individual parametric maps,

C - class,

W; - 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 kmz, 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 km®.

Tables 5.3 and 5.4 show that the largest area extent in
the model area (1,784.55 kmz) 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 km®.
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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

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

Tab. 5.5 Spatial distribution of reclassified DEM

Class Ac (km?) Class Ac (km?)
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:

e hypsographic levels (levels of altitudes),

® slope angle,

® slope aspect,

e curvature of relief,

e slope length,

e 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 km® of the total area of the study
area is located at altitudes 290-770 m a.s.l. (classes 2, 3

Class Interval [m a. s. 1.] Ac (km?)
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
Hrasna (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

Slope angle Slope angle
Class [%] [°] (class)
I. Flat <3 <2{)
. 3-5 2-3(2)
(with small slope angle)
5-9 3-5()
I1. Slightly 9-2 5-7(4)
(with a moderate slope 12-20 7- 11 (5)
angle) 20-30 11-17 (6)
IIL St 30-36 17-20 (7)
. Steep
(with a large slope angle) 36-60 20-31®)
> 60 >3109)
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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 km?.

Tab. 5.7 Spatial distribution of reclassified slope angles

Class Interval Ac (km?)
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 (kmz)
1 (flat) - 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 (km?)
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 (km?)
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 [mz] Ac (kmz)
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 m?) 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 km®.

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 kmz), urban environment
(class 2) covers an area over 124 km®.

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

Class Interval Ac (km?)
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

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

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
PreSov and KoSice regions* (Lis¢ék et al., 2010).

As was already mentioned, the registered landslides in
the study area cover an area of 570.59 km® of the total
area 4,042.23 km?”. 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. 5.10 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. 1. (class 3) - 31%, followed by the altitude in-
terval 291-450 m a. s. 1. with 26% (class 2) and the interval

Tab. 5.13 Results of bivariate statistical analysis

| 75

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.

Class | Ac (km?) Asd (km?) Class | Ac (km?) Asd (km?) Class | Ac (km® | Asd (km?
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 01759 | 2 3 327.4622 20.7147 1 28.29 2.8498
4 18.6031 0.0126 g 4 428.0142 546141 | & 2 124.8 8.6659
5 362.1564 2.2258 % 5 967.6527 176.5365 g 3 4915 | 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
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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 mz, more than 57% of the total share of
landslides) and in this regard class 1 is also interesting (up
to 100 mz), 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 km®
of landslides affect the built-up area (class 2). Road and
rail networks are affected by slope failures in area of
almost 3 km” (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 VI¢ko 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 P;; and probability
density (Py) 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 +
Mlowmic_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 km’ (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 km?; 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% (Simekova
etal., 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,

e Lithology,

e [and use.

® Much lower impact on slope stability have:

e 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 Zilina and PreSov regions.
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6. Landslide Hazard Assessment Using Deterministic Analysis -
a Case Study from the Chminany Landslide,
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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 Chminany Village, PreSov 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
Chminany Landslide allowed to define the different activity
stages within the landslide body.

Keywords: landslide hazard ¢ deterministic method e slope
stability * spatial analysis * Chminiany 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
(Paudit§ & Bednarik, 2002; Bednarik et al., 2005; Jurko
et al., 2005; Paudits 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 Cubietova
and Velka Causa villages can be found in Jelinek, 2005
and Jelinek & Wagner, 2007, respectively. In both cases,
the susceptibility relative hazard maps were produced for
two selected scenarios based on the safety factor calcula-
tion. Petrydesova (2012) has implemented the determinis-
tic stability assessment of shallow landslides in regional
scale for the area between Hlohovec and Sered 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 Chminiany 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:

e 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;

e 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 Jelinek, 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.

Cor +(7- my,,)zcos’ PBrang,
¥ sin Bcos

FS = (6.0)

Where:

¢, - the effective cohesion [kPa];
@o - 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 Jelinek, Wagner,
2007), where B - 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

y - the unit weight of soil [kN.m™];

7w - the unit weight of water [kN.m’3 1;

p - the slope angle [°];

z - the depth of slip surface below the terrain [m];

m-h,/z - the ratio of the height of groundwater table level
above the slip surface A, [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).

Cy + (7.z.cos® B-u)tan Doy
y.z.sin B.cos

FS =

6.1)

u=y,.h,.cos’ (6.2)

Where:

¢, - the effective cohesion [kPa];

@, - the effective angle of shearing resistance [°];
y - the unit weight of soil [kN.m™];

f - the slope angle [°];

z - the depth of slip surface below the terrain [m];
u - water pressure [kPa];

h, - 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.
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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 Chminany Land-
slide, the data were obtained from previous engineering
geological investigations (Havco et al., 2009; Lukécs et
al., 2012, Kopecky et al., 2013). The investigations in
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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 asingle point (e.g.
borehole); therefore the missing values were interpolated
or extrapolated.

Given that the rainfalls in the Chminlany 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
Unstable state
0.5-1.0 high hazard
1.0-1.25 Conditionally stable state moderate hazard
1.25-1.5 low hazard
Stable state
>1.5 very low hazard

6.4. Selection and characteristic of study area

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

The investigated landslide is situated on a gentle
slope south of the Chminany Village, near the current con-
fluence of the Svinka River and Jakubovianka Brook. Ac-
cording to Nemcok, Pasek & Rybat (in Nemcok 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 & Pasek, 1986), the Chminany 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 (Havco 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 (Havco 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 hyp,, [m] 26.00 0.00 26.00 12.63 11.85 6.42
effective cohesion c. [kPa] 10.00 2.00 12.00 7.28 8.00 2.13
angle of internal friction @, [°] 15.00 13.00 28.00 17.34 17.00 2.84
unit weight of soil y [ kN.m™] 3.00 18.00 21.00 20.68 21.00 0.84
6.5. Input parameters 6.5.1. Slope angle

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 (Hl4sny, 2007):

)

(x0) = 2 | 20xg) = 6.3)
o=1 i 1
a=1 haoj
. wa -
o, - weight of value source;

hy - distance from position of value point x, to
point with estimated value in the position x;

P - modified exponent.

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 (¢) 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 Chmitany 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
(Havco 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:

e 2008-2010 - irregular measuring intervals (Havco
et al., 2009);

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

e since 2013 - irregular measuring intervals (Kopec-
ky etal., 2013).

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

e 1* depth (horizon) of slip surface: 4-6 m below terrain;
e 2" depth (horizon) of slip surface: 9-14 m below
terrain;
e 3" 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 (3"
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 ¢ [kPa] and angle
of internal friction ¢ [°]. These parameters were obtained
from the laboratory analyses of soil samples from slip
surface of the landslide or numerical values were used
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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 (Jelinek & 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-
flany 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 km’>. 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

Class FS Scenario of dry slope Scenario of maximum groundwater level
Area [km2] Area [%] Area [kmz] 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 1.25-15 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 km®. The second relatively high change in de-
gree of factor of safety was within the 5" 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: Kopecky, 2008, in Trangos, 2013)

As for the verification, the results of inclinometric
measurements from August 2012 to May 2013 were used.
Trango§ (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 (Trangos, 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 Chminany
Landslide. This landslide is interesting mainly in relation
to the construction of important highway in Slovakia
(D1- Fricovce — 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., Bugek, S., Durkovi¢, T., Filo, L, Maglay, J., Ha-
louzka, R., Karoli, S., Nagy, A., Spisik, Z., Zec, B., Vozir,
J., Borza, V., Lukacik, E., Janocko, J., Jetel, J., Kubes, P.,
Kovagik, M., Zakova, E., Mello, J., Poldk, M., Sirdtiova, Z.,
Samuel, O., Snopkovd, P., Rakova, J., Zlinskd, A., Vozi-
rovd, A. & Zecova, K., 1999: Vysvetlivky ku geologickej
mape Popradskej kotliny, Hornddskej kotliny, Levo¢skych
vrchov, SpiSsko-SariSského medzihoria, Bachurne a Saris-
skej vrchoviny. (Explanations to geological map of Poprad-
skd and Hornddska kotlina basins, Levocské vrchy Mts.,
Spissko-Sarisské medzihorie Mts., Bachureni Mts., and Sa-
risskd vrchovina Upland). Bratislava: Geologickd sluzba
SR, Vyd. Dionyza Stira, 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.

Havco, J., Matys, M., Bednarik, M., Zec, B., Polas¢inovd, E. &
Stercz, M., 2009: Chminany — havarijny zosuv. Zaverecna
sprava. (Chminany - emergency landslide. Final report-
Manuskript. Archiv OU, Uhorskd Ves, 43 p. (In Slovak).

Hlasny, T., 2007: Geografické informacné systémy — Priesto-
rové analyzy. (Geographic Information Systems — Spatial
Analyses). Zephyros & Narodné lesnicke centrum, Lesnicky
vyskumny ustav, Zvolen, 160 p. (In Slovak).

Jelinek, R., 2005: Deterministicky pristup pri hodnoteni hazardu
l'ubietovského zosuvu. (Deterministic approach in the Lu-
bietovd Landslide Hazard Assessment). In: Miner. Slov.,
Vol. 37, No. 1, p. 65-74. (In Slovak).

Jelinek, R. & Wagner, P., 2007: Landslide hazard zonation by
deterministic analysis (Velkd Causa landslide area, Slova-
kia). In: Landslides, Vol. 4, No. 4, p. 339-350.

Jurko, J., Paudits, P. & VIcko, 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.

Kopecky, M., Bednarik, M. & Trangos, 1., 2013: Vyhodnotenie
monitoring na lokalite S2 Chminany a S3 Chminianska
Nova Ves, Zaverecna sprava. (Evaliation of monitoring at
the site of S2 Chminany a S3 Chminianska Novd Ves, Final
report). Manuskript. STU Bratislava, 63 p. (In Slovak).

Lukacs, M., Matejcek, A. & Sklenarova, D., 2012: Vysledky
geotechnického monitoringu 08/2012 — Inklinometricky
a hydrogeologicky monitoring. (Results of geotechnical
monitoring - inclinometric and hydrogeologic monitoring
Ciastkovd zdverednd sprdva, Manuskript. Geofos, s.r.o.,
Zilina, 12 p. (In Slovak).

Matula, J. & Pasek, J., 1986: Regiondlna inZinierska geoldgia
CSSR. (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.

Nemcok, A. 1982: Zosuvy v Slovenskych Karpatoch. (Land-
slides in the Slovak Carpathians). Bratislava: Veda, 320 p.
(In Slovak).

Paudits, P. & Bednarik, M., 2002: Using GRASS in evaluation
of landslide susceptibility in Handlovska kotlina basin. In:
Ciolli, M. & Zatelli, P. (eds.): Proceedings of the Open
source GIS - GRASS users conference 2002, Trento, Italy.

Paudits, P., Vicko, J. & Jurko, J., 2005: VyuzZivanie Statistic-
kych metdd pri hodnoteni nichylnosti Gzemia na zostvanie.
(Statistical methods in landslide hazard assessment). Miner.
Slov., 37, 4, p. 529-538. (In Slovak).

Petrydesovd, L., 2012: Hodnotenie zosuvného hazardu v mode-
lovom tzemi Hlohovec — Sered’. (Assessment of landslide
hazard in the model territory Hlohovec - Sered). 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.

Trangos, 1., 2013: Zhodnotenie monitoringu zosuvného tizemia
S2 — Chminany v trase dialnice D1 Fri¢ovce — Svinia.
(Evaluation of landslides monitoring S2 - Chminany in the
trace of highway DI Fric¢ovce - 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', PETER WAGNER?, CUBOMIR PETRO®, ANDREJ ZILKA', DOMINIK BALIK',
LCUBICA IGLAROVA' and MAREK FRASTIA®

'State Geological Institute of Dionyz Stir, Mlynska dolina 1, 817 04 Bratislava, Slovak Republic; peter.ondrejka@geology.sk
“BakoSova 36, 841 03 Bratislava, Slovak Republic
3State Geological Institute of Dionyz §tlir, Jesenského 8, 040 22 Kosice, Slovak Republic
*Faculty 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.
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monitoring methods, Early Warning Systems

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 LiSc¢dk 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 Dionyz Stir
(SGIDS) 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 - Nizn4d Mysla, creep - KoSicky
Kle&enov, and indications of rock fall - Bansk4 Stiavnica.

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 Pasek, 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 Handlova (the
first settlement in Slovakia, which was in the years 1974-
1977 consciously built on the territory affected by slope
failures - Nemcok, 1982); landslide slope between Hlo-
hovec and Sered (a section of a projected Waterworks
Sered’ - 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-
tovsky Mikulas (landslide, threatening traffic on the main
railway line Zilina - Kogice - Fussginger 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 Niznd Mysla 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 KapuSany 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 Handlov4. 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, Il - rock fall, 1V - 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

Sliding

Neogene volcanites and their contact
with Paleogene and Neogene deposits

O 00 1 N WL AW~

—_
— O

. Velkd Causa

. Handlova, Morovnianske sidlisko

. Handlova, KuneSovska cesta Street
. Fintice

. Nizna Mysla

. KapuSany

. Handlova, Ziarska ul. Street

. Dolna Mic¢ina

Lubietova
. Slanec - gas pipeline
. Handlova - landslide of 1960

Sediments of flysch character

[ T NS N N T N T N T S e
A WD = O 0w WA~ W

. Okoli¢né

. Bojnice

. Bardejovskd Zabava

. Dacov

. Lenartov

. Lukov

. Pecovska Nova Ves

. PreSov, Horarska ul. Street
. PreSov, Pod Wilec Horkou
. Cirg

. Krajna Pol’'ana

. Cadca

. Kvasov

Neogene sediments

W W NN NN
— O O 0 N W

. Kosice, sidlisko Dargovskych hrdinov
. Kosice, Krasna

. NiZzna Hutka

. Varhanovce

. Vyiny Caj

. Vy$na Hutka

. Senkvice




Slovak Geol. Mag., 14, 1 (2014), 89— 114

Slope movement type Geological setting

Sites

32. Ruska Novd Ves

33. Petrovany

34. Vinohrady nad Vdhom
35. Hlohovec-Posadka

36. Velka Izra

Creep Neogene volcanites 37. Sokol
38. Kosicky Klecenov
Sediments of flysch character 39. Jaskyna pod SpiSskou
. 40. Banskd Stiavnica
Rockfall Neogene volcanites

41. Handlova-Bana

Sediments of flysch character

42. Demjata
43. Starina

Rocks of Mesozoic and Pre-Mesozoic 46. Bratislava-Zelezn4 studnic¢ka

44. Slovensky raj-Pod ve¢nym dazd’om
45. Jakub

47. Pezinska Baba
48. Lipovnik

Stability of water-
management work

Anthropogeneous deposits overlying 49. Handlova-Stabiliza¢ny nasyp
Quaternary and Paleogene rocks

(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 Velka Causa
and Okoli¢né 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
Niznd Mysla (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 Dolnd Micind.

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 ‘VVell‘ ‘ Date A Meast.lrerpent Note
designation | of installation termination
J-1 14.06.96 On 6.11.07 former piezometer was replaced by MARS 4i type
Okolicné JH-29 14.06.96 15.05.2002
AH-2 12.10.05 Early Warning System (MARS 5i)
Velkd Causa Xg:; 821132 On 23.4.08 former piezometer was replaced by MARS 4i type
AH-1 11.10.05 Early Warning System (MARS 51)
Dolné Micind JM-19 16.04.02 23.04.2009
IM-6 16.04.02
Handlova- P-17 21.11.03
Morov. sidlisko | P-19 21.11.03
J-10 14.05.03 24.3.2012
Liptovskd Mara | J-19 15.05.03 24.3.2012 Automatic piezometer gauges in 12 wells
J-5 18.06.09 24.3.2012
Fintice K-la 27.04.05
K-2a 27.04.05
IV-17 12.02.13
U, JV-22 12.02.13
NimdMysta Py 12.02.13
JV-54 12.02.13
. V-POZ-3 11.02.13 21.08.13
KapuSany
V-POZ-1 30.09.13
PVZS-1 19.04.12
Senkvice PVZS-2 03.05.11
PVZS-3 03.05.11
Presov- JH-3 30.09.13
Hordrska ul. JH-4 05.12.12 30.09.13
Krajna Polana 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 Dolnd Micind. a - continuous measurements using
automatic piezometers, b - weekly frequency, ¢ - 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).




Slovak Geol. Mag., 14, 1 (2014), 89— 114

Fig. 7.4 Example of monitoring of two horizons of groundwater
in the landslide area of Senkvice. 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 Velkd Causa
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 KapuSany 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 Gréf, 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
PMSGEF 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, 1td.). 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 Velkd Causa
(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