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ABSTRACT

The Ph.D. thesis focuses on the spatial prediction of landslide occurrence on the regional scale using field mapping of the
current and previous landslide activity and applying variety of landslide susceptibility models in the GIS environment (e.g. bi-
variant statistical models and deterministic model SINMAP). Results of the models assessing the landslide susceptibility of
the Vsetinské vrchy Highlands are evaluated and compared through different validation techniques. The best suited model is
combined with detailed knowledge of the local geomorphologic conditions to define methodology for new, applicable
susceptibility map of the study area.

Following landslide preparatory factors are compared with distribution of landslides occurred during the 1997 landslide event
as well as previously registered slope deformations: older landslides, geological and pedological units, slope dip and aspect,
specific infiltration areas, land-use classes, bed rock structure and distance to faults. These analysis show that the presence of
older landslide bodies is the most important preparatory factor for the landslide occurrence in the Vsetinské vrchy Highlands.
Other preparatory factors does not demonstrate such a strong relation with landslide occurrence, which is also caused by their

high variability that is not captured on the used factor maps (e.g. geological maps at scale 1:50 000).
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INTRODUCTION

The study area lays in the Outer Western
Carpathians covering the geomorphic districts of the
Vsetinské vrchy Highland and part of the Roznovska
trough (Fig. 1; Demek et al., 1987), which are
spreading east and north east of the city of Vsetin
situated close to the border with Slovak Republic.
This area is formed by flysh rocks with highly
variable composition of the competent, permeable
sandstone layers and plastic, rather impermeable
claystones and siltstones. The region has been since
long time ago recognised (Zaruba, 1922-23) as highly
susceptible to landsliding. The strong impuls for
detailed landslide research came during hevy rainfall
event in July 1997 (Hladky, 1998) when more than
1500 landslides occured causing considerable
economic loss (Krejci et al., 2002). Magnitude of this
event was also evaluated and compared with other
landslide events worldwide.

Large effort focused on preparation of applicable
landslide susceptibility maps, which could be used by
local administrations to minimize possible future
losses. The thesis are contributing to the sptial
prediction of future landslide occurrence by appllying
variety of landslide susceptibility models to the single
study area providing valuable evaluation of their

performance and applicability for land-use planning
purposes.

The presented thesis was supported by the
author’s grant project of the Grant Agency of Charles
University no. 224/2001/B-GEO/PfF  entiteled
“Geomorphologic research of causative factors
leading to the slope movements occurrence in the
Vsetinska Becva river basin” as well as projects of
the Institute of Rock Structure and Mechanics Czech
Academy of Sciences and Czech Geological Survey
conducted under research project ISPROFIN no.
215120 ,,Support and mitigation in regions threatened
by unfavourable climatic events®.

STRUCTURE OF THESIS

The thesis contained 8 chapters. Introduction (1)
informs about location of the study site, goals and
main working hypothesis. Following three chapters (2,
3, 4) provide detailed explanations of main used
terms, landslide susceptibility models and necessary
input data. All these information is essential for
correct understanding of the susceptibility model’s
results. Chapter Selected characteristics of the study
area (5) focuses on description of main geologic
conditions and climatic triggers of the studied
landslides. Chapter Results (6) is subdivided into 5
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Fig.1 Location of the study area with geomorphological units.
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main parts summarizing all gained results. The
subchapters include results of field works, analysis of
landslide preparatory factors, landslide susceptibility
models and importance of the slope deformations for
erosion processes. Chapter Discussions (7) evaluates
and compares the performance of used landslide
susceptibility models. Chapter Conclusions (8) sum
up main outcomes of the thesis and new knowledge.

METHODS

Several data acquisition techniques were
employed to acquire necessary data about landslides
originated during the July 1997 rainfall event as well
as evidences of previous landslide occurrences. The
techniques included aerial photo interpretation and
field mapping using mobile GIS technology (ArcPad
5.0.1 software by ESRI and palm top computer iPAQ
Compaq; Klime§ and Rothova, 2001) and
conventional geomorphologic mapping. The aim of
the field work was to gain detailed knowledge about
existing landslides within the selected part of the
study area and to map important preparatory factors
influencing their occurrence. The original data were
integrated with available landslide inventory maps to
produce several new inventory maps used for the
landslide susceptibility models.

The historical inventory map includes all
available information about landslide occurrence prior
the rainfall event in 1997. The map was compiled
from the results of the field work, data from national
landslide inventory database maintained by Geofond
and results of detailed landslide inventory mapping
managed by Czech Geologic Survey. In separate data
base was stored information about landslides which
occurred during the 1997 rainfall event. These data
were later adjusted for deterministic landslide
susceptibility model.

The susceptibility of the study area was
evaluated using different models ranging from the
basic to the more sophisticated deterministic and
statistical ones. The historical inventory map and
slope map were used as basic susceptibility models.
Later, the bi-variant statistical model proposed by
Carrara et al. (1995) and deterministic SINMAP
model (A Stability Index Approach to Terrain
Stability Hazard Mapping; Pack et al., 1998) were
applied. All the models were pixel-based with the
10 m x 10 m pixel size. The most important model

input data are landslide inventory represented by
points and DEM (digital elevation model) for
the SINMAP model and historical inventory map
with geologic, soil, slope, aspect and distance to
the tectonic lines preparatory factors maps for the
bi-variant statistical model.

The final susceptibility of the studied area was
represented by classified values of factor of safety
(FS) for the SINMAP model and total weight (TW)
calculated by the the statistical model using the
following formula:

™ = Wpfl*FRcll + WpQ*FRcll + WpB*FRcll +
Woa*FRyjy + ..o

W, is the weight of the first preparatory factor map
(e.g. slope map) and the FRy is the failure rate
(Wieczorek, 1994) of the first class of the first
preparatory factor map (e.g. 0°- 5° for the slope map).

Apart from the susceptibility mapping, separate
evaluation of each preparatory factors was made
calculating the respective failure rates. This evaluation
was used to compare susceptibility of each
preparatory factor for the landslides included in the
historical and July 1997 inventory maps. For the later
one, separate evaluation of the susceptibility
conditions among landslide scar and accumulation
areas was performed.

Each resulting landslide susceptibility map was
evaluated calculating landslide densities and
predictive power (Chung and Fabbri, 2003) for the
susceptibility classes. The time partitioning of the
known landslides and evaluation of the successful
prediction by comparing the portion of the study area
defined as “unstable” necessary to capture majority of
the predicted landslides, were also used. The latest
approach allows to defined “mistake” of the
susceptibility models represented by the portion of
the total landslide area or number falling to the stable
class.

Definition of the susceptibility classes should not
only classify the predictive values (e.g. FS or TW)
calculated by the models, but also needs to explain
meaning of each susceptibility class for the users.
The classification of the FS values calculated by the
SINMAP model, are shown in Table 1. The resulted
values of TW index were classified individually for
each model.

Table 1 Susceptibility class’s definition for the SINMAP model is using calculated value of the factor of safety

susceptibility class

(FS).
value of factor of safety (FS)
FS>1.25
1.25>FS>1

1>FS>0

stable
conditionally stable
unstable
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Table 2 Landslide densities for the susceptibility classes of the prepared models (1. — landslides,
* evaluated for the ,,unknown‘“landslides, which were not used for the model preparation).

Landslide densities calculated for the areas of landslides and

Model/susceptibility class

susceptibility classes

stable conditionally stable unstable
slope map 0.3 0.8 1.3
historical 1. inventory map 0.8 not available 4.7
historical 1. inventory map with .
buffer of 75 m 0.4 not available 5
statistical model 0.6* 0.5% 1.7%
SINMAP model - region 1 0.5 1 1.8
SINMAP model - region 2 0.4 0.8 3
SINMAP model - region 3 0.5 1 2.2

Explanation of the used susceptibility class
displayed with the traffic light colors follows:

e Stable — occurrence of landslides is almost
excluded, in some cases, only the accumulation
parts of the landslides may reach this zone.

e Conditionally stable — it is not possible to
exclude occurrence of the landslides in this zone.

e Unstable — parts of the study area with the most
suitable conditions for occurrence of the
landslides, the landslide occurrence is only
the matter of time range of the prediction.

The landslide susceptibility map based on the
historical inventory was devide into two susceptibility
classes — stable for areas with no evidence of previous
landsliding and unstable defined by the bodies of
mapped landslides and 75 m wide buffer zones around
them.

RESULTS AND CONCLUSIONS

The extend (in terms of number as well as area)
and claimed looses of the landslide event from the
July 1997 can not be compared with another known
event recorded in the study area. Calculation of
landslide event magnitude (Malamud et al., 2004) was
used to compare its extreme nature with other
landslide events. The resulted magnitude based on
area of identified landslides is 2.9 and the magnitude

based on their number is 3.2. The magnitudes of
landslide events presented in Malamud et al. (2004)
ranged between 3.6 and 4 for both ways of landslide
event magnitude calculation.

The most successful landslide susceptibility map
is the historical inventory map (Table 2) capturing
70% of the total landslide area within 14% of the
studied region defined as unstable.

The results of the SINMAP model were mostly
affected by the morfometric characteristics of three
calibration regions into which the entire study area
was divided. The best results were gained in the
calibration region with the lowest average slope and
occurrence of the structural ridges with steep slopes
highly contrasting with otherwise gently rolled relief
of that region. Considerably worst results were gained
in the regions with higher average slope, but without
high contrast in the relief topography. Interesting is
also conclusion that the SINMAP model was
considerably better than the results of susceptibility
map based on the slope map. This contraast with the
results in the Aquasparta region (Umbria, Italy),
where the slope map and SINMAP model achieved
similar results (Klimes, 2003).

The worst results were obtained by the bi-variant
statistical model which tested the use of historical
inventory map for prediction of the landslides
originated in July 1997. The low performance could
be partly explained by the presence of the complex
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Fig. 2 Landslide susceptibility map of the Vsetinské vrchy Highland prepared according the new definition of the susceptibility classes.
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landslides in the historical inventory, which did not
occur during the July 1997 event. Another errors were
introduced through insufficient spatial resolution of
the majority of the preparatory factor maps.

The detailed analyses of the susceptibility of
each preparatory factor map separately for the scarp
and accumulation areas proved differences especially
for the geologic conditions and slope dips. Ignoring
these differences may also contributed to the low
performance of the bi-variant statistical model.

New methodology for preparation of landslide
susceptibility maps (Fig. 2) of the Vsetinské vrchy
Highland was suggests to use four stability classes
defined bellow.

e Stable — occurrence of landslides is almost
excluded, in some cases, only the accumulation
parts of the landslides may reach this zone.

e Conditionally stable — areas where the stabilized
landslides were identified and where it is not
possible to excluded occurrence of the new
landslides based on results of statistical or
deterministic landslide susceptibility models.

e Conditionally unstable — areas with the highest
susceptibility  defined by  statistical or
deterministic landslide susceptibility models.

e Unstable — areas with identified active or
potentially active landslides in the initial or
developed states of their evolution.
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ANALYZA PODMINEK VZNIKU SVAHOVYCH DEFORMACI VE
VSETINSKYCH VRSICH

Jan KLIMES

ABSTRAKT:

Doktorska prace je zaméfena na prostorovou predikci vyskytu svahovych deformaci v regionalnim métitku s vyuzitim
terénniho mapovani soucasnych i starSich svahovych deformaci a s vyuzitim modeld nachylnosti tizemi k sesouvani
vytvofenych pomoci technologie GIS. Jednd se o dvourozmérné statistické modely a deterministicky model SINMAP.
Vysledky modeli nachylnosti Vsetinskych vrchi k sesouvani jsou zhodnoceny a porovnany pomoci nékolika kritérii. Nejlépe
hodnoceny model je spolu s podrobnymi znalostmi mistnich geomorfologickych podminek vyuzit k definici nové, v praxi
aplikovatelné mapy nachylnosti izemi k sesouvani.

Detailné byly zhodnoceny vybrané podminky vzniku svahovych deformaci porovnanim map téchto podminek se sesuvy
vzniklymi v roce 1997 a pted touto sesuvnou udalosti. Jedna se o nasledujici podminky: vyskyt starSich svahovych deformaci,
geologické a pldni poméry, sklon a aspekt svahtl, specificka infiltra¢ni oblast, vyuziti pidy, strukturni poméry podlozi a
vzdalenost k tektonickym liniim. Ukézalo se, Zze vyskyt pfedchozich svahovych deformaci vykazuje nejuzsi vazbu s nové
vzniklymi sesuvy. Ostatni faktory takto silnou vazbu nevykazuji také dusledkem své vyrazné prostorové variability, ktera
neni dostatecné podrobné zachycena na pouzitych vstupnich mapach podminek vzniku svahovych deformaci. Zaroven tato
variabilita vede v né€kterych ptipadech ke vzniku svahovych deformaci v ramci Sirokého rozmezi hodnot ur¢ité podminky
(napf. sklonu svahtl) coz vyrazné znesnadnuje presnou predikei jejich budouciho rozsiteni.
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