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This study deals with a succession of multi-criteria analyses that outcomes in a series of landslide sus-
ceptibility maps. Principally, it considers the raster modelling approach and the opportunities which
raster combining brings about, utilized via Analytical Hierarchy Process (AHP) and aided by Geo-
graphic Information System (GIS) spatial tools.

The area of interest encompasses the NW slopes of Fruska gora, a small mountain range in vicinity of
Novi Sad, Serbia. In order to interpret the landslide susceptibility distribution throughout the selected
mid-scale area, several factors were encountered and converted to raster models. At the beginning, they
comprised of lithology, drainage properties (linear erosion pattern), the slope inclination, aspect and
altitude. Driven in AHP, those rasters produced the first insight in the areal distribution of landslide sus-
ceptibility zones. Later-on former factors were refined and expanded by three more: rainfall precipita-
tion, linear erosion pattern and vegetation cover. This produced another, more advanced interpretation,
due to more detailed inputs. Nevertheless, the enhancements within AHP provided even more progres-
sive display. Thus far, those three instances, accordingly the three landslide susceptibility interpreta-
tions, depicted classes of proneness: low, mild, moderate and high. The broadest discrepancy in results
stands between the first attempt and any of two remaining ones, since the latter have shown only minute
variations in weight distributions of the factors. For instance, within the first result the lithology reaches
42 % of influence in the overall, while remaining two cases reduce it to 28 - 29 %.

The control model was needed to be established in order to properly relate those results and point to the
most prevalent one (even though it has been suspected that the last result is probably the most genuine).
Since more detailed records or engineering geology maps have not been available, a photogeological
map (tailored almost entirely by Remote Sensing techniques) was addressed as a control model. Super-
imposed to such standard, the final models (susceptibility maps) revealed substantial correlations pro-

gressively (the more extensive the approach, the better the final model fitting).
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INTRODUCTION

Growing concerns on consequences of land-
slide and alike mass movements activity has
been one of the foci in terms of hazard assess-
ment policies worldwide. The reason for this is
an obvious increase in the rate of both, the hu-
man casualties and material damage induced
by some major landslide occurrences (ALEO-
TTI and CHOWDHURY 1999, CHACON et
al. 2006, SMITH 2001 and YIN et al. 2009).
Seemingly, those occurrences were adhered
with the major recent earthquakes and rain-
storms and coupled with the human factor of
negligence, as cases showed in Japan, Pacific
NW of US, Sichuan district in China, North
Apennines, Italy etc. (BERTOLINI and PIZ-
ZIOLO 2008, GIRAUD and SHAW 2007 and
YIN et al. 2009). The strategies involved, co-
ped with this problem by monitoring notorious
cases of mass movements (landsliding in par-
ticular), but more importantly by predicting po-

tentially new ones. Accordingly, the Remote
Sensing (RS) and Geographic Information Sys-
tem (GIS) approaches became the leading edge
in the frontiers for assessing such phenomena.

Detailed and systematic reviews of different
techniques and strategies (with versatile Engi-
neering geology maps as outcomes), with ex-
tensive lists of references are given by ALEO-
TTI and CHOWDHURY 1999, CHACON et
al. 2006, GUZZETTI et al. 1999, VAN
WESTEN et al. 2006 etc. Hereby, some fre-
quently used and practically proven methods
had been highlighted and compared, as well as
constrains and problems that researchers com-
monly cope with. The latter regards different
imperfections of the models, but also inaccu-
rate or scarce inputs and nonetheless, lack of
unique, international or any standard expres-
sion of susceptibility/hazard scale levels. De-
spite the obstacles, those and numerous other
authors noticed a giant leap in landslide assess-
ment, with GIS implementation. Hence, the
necessary directions for comprehending and
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assessing the landslide phenomena have been
provided to many succeeding researchers and
papers to come.

However, this practice is not equally perva-
sive around the Globe (CHACON et al. 2006).
It ranges from entirely utilized in developed
countries or in the countries heavily affected by
sliding problems, to timidly or completely un-
exploited. Landslide assessment in Serbia is no
exception of the latter, and this paper glances
upon unprecedented approaches of multicri-
teria analysis under the GIS framework. Never-
theless, it regards a synoptic and chronological
insight in the research process conducted over
annual period of time in several phases, pro-
gressively improved and perfected as refine-
ments took place upon its different facets
(chiefly within modelling factors of influence
and weightings of their importance in the final
model).

METHOD

Multi-criteria analysis is a widespread tool
for various kinds of assessments, where spatial
implications are second to none in this sense.
In simple words, multi-criteria analyses imple-
ment a procedure where several input factors
define an outcome of the modelled phenome-

Fig. 1 Perspective sketch of multi-criteria ana-
lysis adapted for multi-layer environment (a —
rainfall, b — altitude, c — slope, d — aspect,
e — linear erosion, f — vegetation cover, g —
lithology, h — susceptibility and i — referen-
ce — models)
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non, as those factors represent appropriate frac-
tion in the overall influence. Since their influ-
ence is simultaneously observed, they usually
require to be levelled up in some fashion, by
some decision making tools, or even fuzzy lo-
gics and the artificial intelligence agents in
more demanding instances.

As described in the foregoing discussion,
those analyses are readily feasible in a multi-
layer GIS environment (Fig. 1). Moreover,
raster models turned to be considerably prefe-
rable for modelling of the inputs i.e. input in-
fluence factors, due to their easily manipulated
geo-spatial references, and different calcula-
tions and relations within GIS and RS frame-
work (BONHAM-CARTER 1994). Altogether
with decision making tool, these provided
a desirable blueprint for this landslide suscepti-
bility research, as referred later in the Figure 2.

In particular, this research involved input
raster models of significant factors affecting
landslide triggering to a certain extent. Those
were selected as suggested within preceded
geotechnical practice throughout the chosen
area and the recommended practice cherished
on Geotechnical department of Faculty for
Mining and Geology at Belgrade University,
Serbia. In addition, some factors (also com-
monly regarded as geological or environmental
parameters) were considered as a meaningful
implementation of other successfully perfor-
med research within the similar approach
(ABOLMASOV and OBRADOVIC 1997, ES-
MALI and AHMADI 2003, KOMAC 2006 and
VOZENILEK 2000). The factors included:

= lithological properties — model of litho-
logical setting, depicting changes of land-
slide susceptibility in various rock types,

= drainage pattern driven impacts — in pre-
liminary runoff model and more advanced,
linear erosion model, sorting out the por-
tions of slopes according to their spatial
relation to the drainage pattern, depicting
how suitable they get for landsliding,

= slope inclination — morphometric model of
slope steepness, implying that steeper
slopes are potentially more mobile and
therefore more prone to landsliding,

= slope aspect — an exposition model, re-
lated to the influence of diurnal pattern of
the sun orbit affecting topsoil moisture,
thickness etc.,

= altitude — including hypsometrical model,
suggesting that different realms cope with
different susceptibility for sliding, as po-
tential energy proportionally increases
with elevation,

= rainfall — a model which indicates the spa-
tial distribution effect of atmospheric pre-
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Fig. 2 Schematic illustration of the research
method (in light gray: source data, in me-
dium gray: raster models, in dark gray — :
calculations and relations)

cipitation on topsoil moisture and accor-
dingly, the differences in landslide suscep-
tibility (as soil saturation plays an impor-
tant role in stability issues),

= vegetation distribution — presented by sim-
ple vegetation cover model, indicating
highly vegetated areas versus portions of
sparse or no vegetation at all.

Raster models were derived from different
sources as exposed on the Figure 2. First of
all, topographic model was generated as digi-
tised display of topographic maps 1:50 000
(referenced in Gaus-Kriiger Projection — Zone
7, ellipsoid Bessel 1841), with their basic con-
tour lines vectorized at 20 m equidistance. As
kriging interpolation took place (with all the
supplementary fitting of elevation semivario-
gram), the Digital Elevation Model (DEM) was
generated and resampled to 30 m cell size. This
resolution was obtained in all the following
raster models, in order to perpetuate accor-
dance between the data from various sources
(i. e. 30 m resolution of digitised geology, rain-
fall distribution model and satellite imagery
was preferred over 20 m resolution of digitised
topography). Thereafter, DEM was directly re-
garded in computing of morphometric raster
models for slope inclination, aspect and eleva-
tion (driven via spatial analyses tool set and
reclassified to fit the requirements of the final
landslide susceptibility model). Furthermore,
DEM also provided flow propagation models
and associated, distance from flows and dis-
tance from ridges - raster sets, permitting the
linear erosion i. e. the drainage pattern to en-
roll. In addition and in final, DEM was en-

rolled in creation of the Shade-relief raster for
advanced display in the foreground of other
superimposed layers (input raster models and
the final model), as exampled in Figures 5 and
Figure 6.

Satellite imagery (particularly including
bands 3 and 4 of Landsat 7 system, with origi-
nal Transverse Mercator Projection converted
to Gaus-Kriiger — Zone 7) was used to track the
distribution of vegetation over the area, by u-
sing some standard indices. It exploits unique
spectral behavior of vivid vegetation and pro-
vides a raster model of vegetation cover
(GUPTA 2002 and VINCENT 1997). The
bands required for this model were previously
processed and enhanced by standard radiomet-
ric, spatial and spectral enhancements, to be-
come more informative.

Rainfall record, acquired by the courtesy of
Provincial Hydrometeorological Survey De-
partment of Vojvodina, Station Novi Sad, co-
vered five-year interval dating back from
1970-1975, since no recent surveys provided
desirable data coverage. Contextually, the final
model has no temporal actuality, so the suscep-
tibility map is not exactly regarding present
conditions. This is not much of a drawback
considering that the final outcome is not a tem-
poral model of landslide susceptibility, but pri-
marily a spatial one. Therefore, the rainfall re-
cords were included in calculation of rainfall
distribution model by kriging precipitation
amounts of 8 ground stations in required reso-
lution.

The lithological model was tailored after
digitised geological map of entire area of
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Fruska gora mountain at 1:50000 scale (cour-
tesy of Remote Sensing Center, Belgrade Uni-
versity, Serbia). Herein, the leading concerns
were addressed to simplification of geological
units and their quantification in raster environ-
ment, so the original map has been resampled
and reclassified to meet its purpose in the mo-
delling procedure.

Photogeological interpretation map 1:50000
(once again by courtesy of Remote Sensing
Center, Belgrade University, Serbia), having
landslide instances separated by their activity,
has been used as a control reference for the fi-
nal susceptibility model, as it will be presented
in later paragraphs.

For the practical reasons, accepted scale and
resolution remained 1:50000 and 30 m, respec-
tively, as given by most of the original sources.
Scale effect brings about another facet for
choosing the midscale concept (GUZZETTI et
al. 1999, KOLAT et al. 2006, VAN WESTEN
et al. 2006). Namely, considering the size and
the scale of the area, some factors or parame-
ters were omitted, either for being too consis-
tent or too variable, since the area would be too
small or too large for their meaningful imple-
mentation. For example, seismic activity was
justifiably disregarded (even though quinte-
ssential for landslide triggering in general),
since an active fault line propagates nearby the

area of interest, distributing seismic impact
equally, homogenously to each portion of the
terrain and therefore, exhibiting no spatial
variation for the final model. On the other
hand, groundwater properties, such as fluctua-
tion of water table depth, would be too detailed
and too demanding for the spatial informative-
ness of the final model. In contribution, it
would require by far better data coverage then
encountered in available records, so data limi-
tation additionally cancels out gravity in it.

Finally, after having the input raster mo-
dels created at desired scale and size, the deci-
sion making tool has been engaged in order to
fashion a final susceptibility pattern. The idea
is to superimpose the influences of all input
raster layers by the weights of their relative im-
portance to the potential landslide triggering.
The Analytical Hierarchy Process (AHP) pro-
ves to be a convenient procedure that deals
with multi-criteria  hierarchical structures
(SAATY 2003, GENEST and RIVEST 1994,
ERCANOGLU et al. 2008). In brief, AHP in-
volves pairwise ratio scale, represented by rela-
tion matrix (where only relative importance
between the input factors were evaluated) prior
to their normalization and calculation of their
final weights in principal vector (a linear distri-
bution function). As the weights of the input
raster had been quantified, the final landslide
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Fig. 3 Geographical setting of study area (courtesy of Remote Sensing Center, Belgrade University,

Serbia)
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susceptibility modell was propelled. Displayed
in appropriate layout, it represents a landslide
susceptibility map of the area.

As indicated, the control was performed via
comparison of the outcome to the referential,
photogeological map, by means of examining
the matches of the modeled classes versus
classes suggested by the reference map, leaving
simple statistical plots to reveal level of their
resemblance.

STUDY AREA

The case study encompasses NW outskirts
of Fruska gora mountain in Serbia (in the vi-
cinity of Novi Sad, the capital of the VOJVOdlna
province). Capturmg approximately 85 km?® of
alluring hilly landscape, it is outlined by Da-
nube on the north, the central mountain ridge
on the south, and local ridges from east and
west (Fig. 3). This remote site had been chosen
due to its notorious landslide activity, particu-
larly by the Danube’s right riverbank. Never-
theless, some other segments seem to require
considerable attention as well, at least in terms
of landsliding (PAVLOVIC et al. 2005).

The very mountain itself represents a re-
markable and exceptional ambient in terms of
environmental phenomena, primarily due to
dissimilarity to its surroundings and secondly,
to its shape and position. As the matter of fact
some of the phenomena are over-amplified, so,
even though the mountain is not of significant
height (the summit being slightly over 500 m)
it expresses features reserved for much higher

7386
1

ground. This addresses climatic diversity, espe-
cially regarding the structure and distribution
of the rainfall, as well as hydrological features,
geomorphological entities (particularly the
drainage pattern) and accordingly, the bio-
diversity (PETKOVIC ed. 1976). As such, this
mountain has been studied in many aspects,
including the ones related to geotechnical is-
sues. Within geotechnical practice, it is rather
believed that the superficial dynamics primar-
ily depend on geological background, meaning
that the rock’s behavior under agencies of dif-
ferent geological processes yields diverse geo-
dynamical outcomes (JANJIC 1962). Besides,
geological setting is chiefly responsible for all
other kinds of diversities, so a brief discussion
that follows, may just turn out to be useful in
appreciating slope dynamics and its evolution.

Geological setting of the entire mountain
implies the zonal pattern, due to the complex
E-W trended horst-anticline laying down the
mountains core (Fig. 4). The typical succession
starts with low-grade Palacozoic crystal schists
in the anticline base. Scattered in stripped por-
tions, belts of metamorphic associations en-
compass the highest ground. They are denoted
as Green formations, containing a mixture of
altered magmatic and sedimentary blocks, se-
vered by regional faults of W-E trends. Subse-
quent portions of Triassic basal sediments
(conglomerates and sandstones gradually shift-
ing toward limestones) imply localized subsi-
dence of the palaeorelief at the time of basin
formation. It only lasted till early Jurassic,
when another intense uplift occurred, followed
by some minor volcanic activity. During Juras-
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Fig. 4 Geological setting of the
area, regarding a standard legend
for geological map (courtesy of Re-
mote Sensing Center, Belgrade Uni-
versity, Serbia)

33



Milos Marjanovié

GEOMORPHOLOGIA SLOVACA ET BOHEMICA 1/2009

sic period, by far more prominent movement
interplayed. It relates to the closing of the ocea-
nic basin on the south, leaving peridotite (ser-
pentinite) thrusts and diapirs to witness this
event. It culminates in early Cretaceous, follo-
wed by minor gulf formations, made of coral
limestone sequences, known as Backobanats-
ka zone. Post-Mesozoic tectonics had reestab-
lished W-E trends of structures at regional
scale, but also induced NW-SE oriented faults,
traversing the former structures. Tertiary is
chiefly represented by marine clastites, gaining
more carbonate component as basin turned mo-
re limnic during the late Neogene. This is obvi-
ously the interval with utterly diverse litho-
logy, ranging from sands and clays to limesto-
nes, via marls and other transitional forms.
Colluvial processes (landslides in particular)
are typically developed within these units
(JANJIC 1962). The most significant and the
most widespread Quaternary unit is loess. It
covers the lower landscape, flattening it toward
the Danube's alluvion, ending with the steep
cliffs facing the river. The most recent Quater-
nary unites include fluvial deposits of perma-
nent and periodical flows, represented by gra-
vels and sands or their loose aggregations
(PAVLOVIC et al. 2005 and CUPKOVIC
1997).

RESULTS

The research was conducted in several se-
quences as methodological improvements and
data availability supplement in one year period
(2008). There are three chronologically and
practically authentic phases, thus following
discussion is accordingly trisected. Since the
methodological approach has been thoroughly

introduced in second chapter, the discussion
will now focus on model modifications.

Phase 1. The first phase commenced with
the basic procedures of preparation for multi-
criteria analyses, including preparation of mor-
phometrical models and simplifying the geo-
logical map. The input rasters included litho-
logical model, superficial runoff model, and
models of slope, aspect and elevation
(MARJANOVIC et al. 2008).

The lithological model was simplified in
order to reduce the complexity in the final out-
come, while being related to other inputs. The
idea was to reclassify the digitized geological
map in a meaningful manner, in order to reduce
the number of classes, cutting it down to four.
Thereafter, the appropriate pixel values (digital
numbers) were assigned per each class. The
classification was governed by the similar be-
havior principle. Namely, the rock units with
similar mechanical properties merged into the
same classes, as well as the units of equal
unlikeness to perform instability. For instance,
the latter regards alluvial or elluvial ground,
flattened and stable in terms of landsliding.
The classes included (Fig. 5a):

a) solid rock masses and alluvions,
b) loess and elluvium,

¢) organogenic limestones, sandstones and
marles,

d) clayey soils.

The superficial runoff model was derived
from DEM by calculating the ridge lines and
the distance from ridges, afterwards. It indi-
cates the places where water would retain in
lower or greater extent. The former refers to
the areas close to ridges, while latter points to

n
[\

Fig. 5 Input raster models: a) lithological model (a — solid rock and alluvion, b —
loess, c — limestones, sandstones and marls, d — clays and delluvium) and b) super-
ficial runoff model (I: 0 — 25 % of distance from local ridge line, II: 25 — 50 %, III:

50 — 75 %, IV: 75 — 100 %)
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Fig. 6 Input raster models: a) slope angles; b) aspect; ¢) elevation; d) atmospheric precipitation; e) linear
erosion; f) vegetation cover
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the accumulation sites (Fig. Sb). The classes
range from one to four, as the distance from the
ridge line descends (which leaves the problem
of explaining how river valleys fall into the
most susceptible category). Simple, as it is, this
model neglected hydrogeological background,
and rainfall distribution, leaving space for im-
provements in the succeeding attempts.

Slope model represents the spatial distribu-
tion of slope angles, classified once again by
4 levels as displayed on Figure 6a. Naturally,
more inclined slopes are more prone to insta-
bilities and vice versa.

Aspect model involved interpretation of the
sun propagation pattern as it influences the dis-
tribution of moisture content and depth of the
topsoil. It is strongly believed that moisture
content increases in the slopes more concealed
from the sunlight and oppositely, it decreases
in the slopes openly facing it. It is reciprocal
with the topsoil thickness since the slopes more
affected by temperature variations generate
thicker incoherent soil cover, which might be
troublesome in terms of interpreting this mo-
del. However, the soil thickness is also largely
influenced by vegetation, climate, erosion etc.
It turns out that the area is highly vegetated, so
there is a justified preference of soil moist con-
tent in modelling of slope exposition. The Fi-
gure 6b illustrates this principle, by presenting
the aspect model in four classes, from NW
(with the highest moisture content) to the SW
(the driest slopes, least in contribution to the
overall susceptibility).

Elevation model is fashioned as a simple
reclassification of DEM into four classes, cho-
sen as indicated in Figure 6c. The higher
ground, that is, the ground with higher poten-
tial energy, is more convenient for instabilities
than the lower, flatter plates. In turn, higher
classes contain some other colluvial occur-

rences apart from landslides.

Susceptibility map (Fig. 9a) was calculated
as the AHP weights were distributed, and allo-
cated per each input raster model. For this in-
stance simple inconsistent matrices yielded the
following weights:

fm = 0,42-m; + 0,14-m,, + 0,30-m; + 0,075-m4
+0,056-ms ,

where fm stands for the final model, m; for
lithology, my,, for superficial runoff, m; for
slope, my for aspect and ms for elevation mo-
del.

Phase 2. In the second phase, some more
input models were generated, as models of li-
thology, slope, aspect and altitude remained
unchanged or slightly reclassified, while the
superficial runoff model was entirely rejected.
New models included: atmospheric precipita-
tion, linear erosion pattern and vegetation co-
ver.

The atmospheric precipitation (rainfall in
particular) has been modeled after the records
of the Hydrometeorogical survey of Serbia.
The interpolation by using kriging method in-
duced four classes, as referred on the Figure
6d. It is implying the significant difference in
the rainfall structure versus altitude, nearly as
much as 40 mm per 100 m.

Linear erosion model (Fig. 6e) was referred
to assort the areas by their vicinity to the
stream lines. The general picture of landslide
propagation up the slope suggests that the por-
tions closer to the streams are more affected by
lateral erosion, than the remote ones. Conse-
quently they are more prone to landslides.
Moreover, some regions exhibit different la-
teral versus vertical erosion, as governed by the
local erosion basis. The averaged slope cross
section (Fig. 7) depicts that the areas bellow
200 m are predisposed to lateral erosion, while

H —
m
[ ] Average riverbed
— e Theoretical curve
400
300
200
—
—
. . - —
100 vertical erosion lateral erosion = ——
preference preference
1 1 1 1
0 2 4 6 8 10km

Fig. 7 Cross-section of the average slope on the study area (according to MARJANOVIC et al.

2008)
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Fig. 8 Distribution of classes of the first phase on the left and the second on the right,
where m stands for mean value and sd for standard deviation (note that data are better
distributed in the second case — 4 classes)

higher portions are having vertical erosion
preference (higher ground has more dissected
morphology). This fact is yet to be included in
the model classification adjustment. The model
is performed by calculating the distance from
stream (drainage) pattern, extracted from
DEM. Preceding fact on different lateral versus
vertical erosion preference was also included
by adjusted classification for lower (bellow
200 m) and higher slopes.

Vegetation cover was automatically ob-
tained after basic ratio imaging (Fig. 6f). In
particular, Normalized Difference Vegetation
Index (NDVI) exploited the authentic spectral
behaviour of vivid vegetation in visible red and
near-infrared spectral domain. Unlike any other
natural material and due to the presence of
chlorophyll, the spectral curve rises abruptly
toward near-infra red region, leaving the rela-
tion of (TM4-TM3)/(TM4+TM3) Landsat TM
bands depicting vegetation classes (GUPTA
2002, VINCENT 1997). NDVI yields heavily
vegetated areas (less convenient for landslide
development) and bare soil class (more suscep-
tible to landslides).

Once again a simple and inconsistent AHP
procedure (including new models) distributed
the weights as follows:

fm = 0,28:m; + 0,14-m,,, + 0,28'm3 + 0,02-m,
+0,06°ms + 0,14-m¢ + 0,09-m;,

where my, stands for linear erosion, mg for
precipitation and m; for vegetation model.

The former model contained too many pi-
xels of the second class (Fig. 9a), making the
map less informative. As diagramed on Figure
8, four classes would bring about a spatial dis-
tribution and informational upgrades in the

scene. Yet, some authors are suggesting five
levels of susceptibility (CHACON et al. 2006),
but four levels in this case appeared more opti-
mal. Thus, another landslide susceptibility map
outcomes, revealing: low, mild, moderate and
high level of susceptibility (Fig. 9b).

Phase 3. Third phase focused on refinement
of the decision making consistency, rather than
the quality of the inputs. It inherited the input
models from former stages with some minute
adjustments of classis intervals. However, it
resulted in another genuine interpretation of
landslide susceptibility, primarily by encoun-
tering refinements in the AHP. Since it was
previously constrained only to the basic level,
more profound elaboration took place in this
part of the research. It affected both stages of
AHP procedure equally i.e. the pair-wise com-
parison and principal vector (final distribution
of weights). The Visual Basic (VB) extension
for ArcGIS specially designed for AHP analy-
ses was utilized (MARINONI 2004), easing
the effort of obtaining the final model.

The ratio scale for comparison was redis-
tributed in order to represent near-consistent
matrix (SAATY 2003, GENEST and RIVEST
1994). It reflects relations, once again based on
the expert opinion, approaching satisfying con-
sistency level.

Right after, the principal vector matrix has
been refined (PO et al. 2007, LAININEN and
HAMALAINEN 2003), and treated by itera-
tion method to fall into the constricted intervals
of Consistency Ratio CR and Consistency In-
dex CI (CI<10% according to SAATY 2003).
These propelled a near-consistent, i.e. better
leveled distribution of the input factor’s
weights.
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Fig. 9 Landslide susceptibility models a) first phase (1 — low, 2 — moderate, 3 — high susceptibility);
b) second phase (I — low, 2 — mild, 3 — moderate, 4 — high susceptibility); c) third phase (same as

previous)

The final model yields the distribution as
referred in the following equation:

fm = 0,29'm1 + 0,14'm2b + 0,27'm3 + 0,02'm4
+0,05-ms + 0,15-mg + 0,08-m7;

Figure 9c illustrates the utmost product of
this research separated in 4 classes of suscepti-
bility.

CONCLUSION

The outcomes of this research (presented by
those landslide susceptibility maps) were con-
trolled by the photogeological map. This map
is interpretational outcome of the RS analysis
on Landsat 7 satellite imagery. Inter alia, the
interpretation included mapping of active and
dormant landslides (temporarily inactive), as
their morphological appearance proposed. This
turns convenient regarding the size of the area
and lack of records or databases.

Comparison was opposing the share of the
pixel frequencies (counts) of different suscepti-
bility classes versus the categories of active
and dormant landslides, as evidenced on the
photogeological map. Figure 10 displays
a control model superimposed to susceptibility
models of each research phase and Figure 11,
the appropriate statistical comparisons.

In the first phase, the fitting was satisfying,
since the majority of the third class pixels (the
highest susceptibility for the first model) only
few percents of the first(the lowest) class fell
into the domains of active and/or dormant
landslides (Fig. 11-left), meaning that the pi-
xels of this class, could be generally considered
as represents of the stable ground. However the
overall match was not satisfactory, especially
regarding the second class and its ambivalence
(it seemed undefined whether it should be re-
garded as endangered or stable ground) cou-
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pled with its dominion in spatial distribution
throughout the scene.

The second phase, with its four-class inter-
vals, appeared troublesome with pixel count of
the lower classes (i.e. low and mild susceptibil-
ity). It was chiefly unexpected to obtain as
much as 5 % of the low class and nearly 9 % of
the mild class pixels in domains determined as
either active or dormant landslides (Fig. 11-
middle). So an obvious adjustment in the mo-
del was necessary.

After the adjustments, primarily in relation
to hierarchical structure (improvements of
AHP matrix consistency) the model acquired
quite suitable statistical impression. The por-
tion of the first class pixels is reduced to negli-
gible 1 %, while the higher classes even in-
creased the overall share in landslide domains,
as much as 15 and 20 % regarding the moder-
ate and high susceptibility, respectively (Fig.
11-right).

In conclusion, the research provided a suit-
able display of the landslide susceptibility, sug-
gesting the zones more and less prone to insta-
bilities. Also, it is obvious that results were
progressively refined, gaining in informative-
ness and accuracy, even though each of the
model could be used to some extent, disregard-
ing the imperfections. Speaking of which, the
models could be fairly applied in preliminary
scopes of different researches regarding stabil-
ity aspects, such as engineering geological
mapping. They could be even more feasible for
urban planning or development of sustainable
regional plans. Not to mention that they could
be used as inputs in risk and hazard assess-
ments (GIRAUD and SHAW 2007 and VAN
WESTEN et al. 2000).

Primary drawbacks in this research re-
garded the input data, a lack in detailed records
on mass-movement related phenomena in par-
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ticular. Fortunately, the research considered
solely the spatial facets of the mass-movement
susceptibility, so temporal discordance was not
of a major concern. Yet, for this particular type
of research it would be advisable to cope with
the latest rainfall records, satellite imagery or
topographic resources at hand and to include
as detailed geological and hydrogeological sur-
veys as possible (ERCANOGLU et al. 2008,
KOMAC 2006 and VAN WESTEN et al.
20006).
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