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Landslide characterization in the Polog Region 
(R.N. Macedonia) by innovative and conventional 
methods

Milorad Jovanovski,* Igor Peshevski,* Gjorgi Gjorgiev,* Natasha Nedelkovska,** 
Gianfranco Nicodemo,*** Diego Reale,**** Gianfranco Fornaro,**** Dario Peduto***

Summary
The paper presents the preliminary results of an ongoing international multidisciplinary project funded by the United Nations 

Development Programme (UNDP) over the Polog Region in R.N. Macedonia. The combined effects of a complex geological setting, 
an articulate morphology and particular climate conditions make the Polog Region one of the most landslide-prone areas in the 
country. Over the study area (extending for approximately 1000 km2), preliminary landslide susceptibility studies were performed; 
however, the extent of landslide hazard in the region needs to be understood to a higher level of detail. The aim of the project is to de-
tect critical sediment sources in the Polog Region and propose technical measures – at a feasibility study level – for the areas exposed 
to the highest hazard level. In the first stage, via the joint contribution of geologists/geomorphologists, hydrologists, geotechnical and 
hydraulic engineers, the activities focused on the preparation of thematic sediment source maps, among which the landslide inven-
tory is of highest importance.

Preliminarily, base activities entailed i) the analysis of old and recent geological and topographic maps as well as technical reports 
on past landslides, ii) field surveys, and iii) the collection of witnesses to particular landslide events. 

The collected data were then analyzed in combination with wide-area airborne LIDAR (Light Detection and Ranging) and 
displacement measurements by means of satellite multipass Synthetic Aperture Radar Differential Interferometry (DInSAR), which 
was applied for the first time in this region for such a purpose. Preliminary landslide susceptibility analyses were also carried out in 
GIS environment. 

The followed approach proved to be satisfactory for a feasibility study level when base and thematic maps are incomplete or 
lacking. The obtained results allowed i) gathering an overview of the unstable conditions affecting the slopes of Polog Region and ii) 
detecting the most landslide-prone areas, wherein more detailed studies should be addressed in the following stages of the project.
Keywords: landslides, detection, mapping, kinematics, susceptibility, DInSAR

1. Introduction

In the last decades of the twentieth century, the 
expansion of settlements, rapid urbanization and 
global climate change caused a considerable increas-
ing of geohazards [SCHUSTER and HIGHLAND, 2001]. 
Landslides are among the most significant and wide-
spread ones, producing enormous social and eco-
nomic losses worldwide [KJEKSTAD and HIGHLAND, 
2009; HERRERA et al., 2018]. 

Studies and investigations pursuing landslide 
characterization are the necessary background to 

identify both predisposing and triggering factors 
useful for qualitative/quantitative risk assessment ac-
tivities aimed at predicting and mitigating the asso-
ciated consequences [FELL et al., 2008; COROMINAS et 
al., 2014]. In particular, the knowledge on geomet-
ric-kinematic features of the landslide-affected area 
coupled with the analysis of the interaction with the 
exposed elements can help developing more sophis-
ticated numerical analyses, should the hydro-me-
chanical soil properties and the groundwater regi-
men be adequately defined [COTECCHIA et al., 2016; 
MERODO et al., 2014; SANGIRARDI et al., 2020].

Selecting the appropriate procedure for hazard 
and risk assessment depends on a number of key fac-
tors such as i) the scale of analysis (e.g. regional, lo-
cal or site specific) [FELL et al., 2008], ii) the purpose 
of the analysis (e.g. emergency, scientific, prevention, 
control) [ABOLMASOV et al., 2015; ANTRONICO et al.,
2015; BARLA et al., 2010; BORRELLI et al., 2014; PILOT,
1984; YIN et al. 2010], iii) the geo-environmental con-
text (e.g. primarily natural or predominantly urban-
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ized) [BONCI et al., 2010; BOOTH et al., 2015; CASCINI et 
al., 2006; CIAMPALINI et al., 2012; PEDUTO et al., 2021a].

The geometric and kinematic characterization 
of mass movements affecting a given area is funda-
mental [ANTRONICO et al., 2013; BALDI et al., 2008; 
CARTER and BENTLEY, 1985; EBERHARDT, 2008; GRANA

and TOMMASI, 2014; GULLÀ et al., 2017; MAIORANO et 
al., 2015; VAUNAT and LEROUEIL, 2002] and it can be 
performed via various methods widely described in 
the scientific literature [DI MAIO et al., 2013; KOMAC et 
al., 2015; MASSEY et al., 2013; YIN et al., 2010]. In par-
ticular, among the most used methods, GULLÀ et al.
[2017] identify i) the geological/geomorphological 
(GeoG) one, which is mostly effective on a regional 
scale or over large areas, ii) the geotechnical (Geot) 
one, which is essential when working at slope scale, 
iii) satellite radar images (Sat), which have been suc-
cessfully used in monitoring urbanized areas that 
are affected by slow-moving landslides [PEDUTO et al., 
2019b, 2021b; NOVIELLO et al., 2020].

As for GeoG, a geological map of the study area 
is fundamental for the study of slope instability. In 
such case, a detailed geological survey, supported by 
a preliminary photointerpretation analysis, constitutes 
the first step in the definition of the geological and 
structural features, and of the geological model of the 
study area as well. Stereoscopic analysis of aerial pho-
tos taken at different times allows for the reconstruc-
tion of landslide movements in a study area [WALSTRA

et al., 2007]. However, this operation can be limited 
by, among other factors, the type of movement, the 
changes in the vegetation cover resulting even more 
difficult in urban areas [GUZZETTI et al., 2012]. In this 
regard, field surveys are useful for mapping landslide 
events immediately after activation/reactivation and 
for improving or validating the inventory maps ob-
tained from the interpretation of aerial photographs 
[GUZZETTI et al., 2012]. With reference to slow-moving 
landslides, field surveys aimed at recording cracks and 
deformations of buildings and infrastructures can re-
veal slope instabilities [ANTRONICO et al., 2015; NAPPO

et al., 2019]. In particular, multi-temporal photo com-
parison of building damage can support the identifi-
cation of landslide boundary and the landslide activity 
definition, otherwise not easily mapped through aerial 
photographs for this type of phenomena. To this aim, 
nowadays Google Earth imagery (when available) can 
provide a valuable contribution [FERLISI et al., 2020; 
PEDUTO et al., 2017a].

Integrated geotechnical monitoring networks for 
the measurement of both surficial and deep displace-
ments can contribute to the geometric and kinemat-
ic characterization of unstable sloping areas and sup-
port modelling [COTECCHIA et al., 2016; PETLEY et al.,
2005; TOMMASI et al., 2006]. However, over large are-
as conventional monitoring can lack cost-effectiveness, 
most of all when monitoring plans are not included 
in a general framework. Furthermore, in urban areas, 

they can be somehow limited by the configurations of 
buildings and roads. For instance, as for surface dis-
placement monitoring via GPS systems in urban are-
as, frequent constraints include [GULLÀ et al., 2017] i)
vegetation that may disturb the GPS signal reception, 
ii) difficult access to specific sites [BONCI et al., 2010; GI-
LI et al., 2000], iii) correct positioning of fixed bench-
marks, iv) contiguous urban fabric with significant gra-
dients. Even further limitations can be encountered 
when monitoring deep displacements by inclinome-
ters (e.g. presence of underground utility lines, proper 
positioning of the inclinometer verticals for both slid-
ing surface detection and to kinematic feature retriev-
al) [STARK and CHOI, 2008; WANG et al., 2014].

The conventional geotechnical monitoring of 
ground displacements can be valuably complement-
ed by the processing of images acquired by space-
borne Synthetic Aperture Radar sensors and pro-
cessed with advanced multipass Differential Interfer-
ometric (DInSAR) techniques. Up to day, the scien-
tific literature reports a number of case studies that 
successfully investigated potential and limits of the 
DInSAR techniques for earthquakes [REALE et al.,
2011], slow-moving landslides [BIANCHINI et al., 2013; 
CALÒ et al., 2014; DI MAIO et al., 2018; HERRERA et al.
2013; NICODEMO et al., 2020a; PEDUTO et al., 2018b, 
2019b; TOFANI et al., 2014; WASOWSKI and BOVENGA, 
2014], mining [CROSETTO et al., 2005], water extrac-
tion [CIGNA et al., 2012; PEDUTO et al., 2015; SANABRIA et 
al., 2014], underground construction works (BANDINI

et al., 2015) as well as for the monitoring of (infra)
structures [ARANGIO et al., 2013; FORNARO et al., 2013; 
INFANTE et al., 2018, 2019; LANARI et al., 2020; NAPPO

et al., 2019; NICODEMO et al., 2017, 2020b; PEDUTO et 
al., 2017b, 2018a, 2017c, 2019a, 2020; TOMÁS et al.,
2013] and for addressing multi-risk issues [PAZZI et 
al., 2016]. With specific reference to slow-moving 
landslides, DInSAR data enables investigating past 
landslide evidences, and creating inventory maps 
for particular periods [RASPINI et al., 2019]. Further-
more, these data provide information on the bound-
aries and state of activity of the landslide. As for the 
Balkan area some applications were carried out in 
Greece by RAUCOLES et al. [2008], ELIAS et al. [2009], 
in Slovenia by ČARMAN et al. [2014] and within Euro-
pean projects such as Terrafirma (https://www.euro-
geosurveys.org/projects/terrafirma/) and PanGeo 
(www.eurogeosurveys.org/projects/pangeo/).

The territory of R.N. Macedonia (Fig. 1) is se-
verely and frequently hit by landslides, responsible 
for direct and indirect impacts on the structures, in-
frastructure and population [PESHEVSKI et al., 2017; 
HAQUE et al., 2016]. Results from a recent study on 
landslide distribution in the country have shown that 
the northwestern part of the country, more precise-
ly the Polog Region, is the most prone to landslid-
ing processes, primarily triggered by heavy rainfalls 
and favored by its geological, morphological and tec-
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tonic setting [PESHEVSKI et al. 2019]. Therefore, the 
necessity for appropriate risk management for this 
part of the country is urging and landslide suscepti-
bility, hazard and risk assessments are deemed neces-
sary. This means that a landslide inventory of appro-
priate quality for the region is necessary, in order to 
perform the proper selection and validation of the 
susceptibility (or hazard) models and enable system-
atic approach in the management of the landslide 
hazard. However, a previous study by PESHEVSKI et al.
[2019] concluded that complete and accurate inven-
tory – providing insight into the location of landslide 
phenomena, the type, failure mechanism, triggering 
factors, frequency of occurrence, volumes and the 

induced damage [HERVÁS, 2013] – is missing for the 
Polog Region. Accordingly, the present study aimed 
at deriving a landslide inventory via the detection 
and characterization of landslides through i) con-
ventional (geological and geomorphological anal-
yses supported by field checks), ii) satellite remote 
sensing DInSAR techniques, iii) simplified numeri-
cal analyses at regional scale. 

The results, together with the analysis of envi-
ronmental factors, triggering factors and elements 
at risk will represent the necessary background for 
more detailed landslide susceptibility, hazard and 
risk assessment [COROMINAS et al., 2014; VAN WESTEN

et al., 2005].

Fig. 1 – Polog Region (R.N. Macedonia) study area: a) location of R.N. Macedonia in Europe; b) location of the Polog Re-
gion in R.N. Macedonia country; c) geological map. 
Fig. 1 – Area di studio della Regione Polog (R.N. Macedonia): a) ubicazione della R.N. Macedonia in Europa; b) ubicazione della Regione 
Polog in R.N. Macedonia; c) carta geologica.
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2. Study area: geological context and landsliding

The Polog Region is located in the north-west 
part of R.N. Macedonia (Fig. 1). It is characterized 
by mountainous topography and dense hydrograph-
ic network comprising torrential streams and rivers, 
as well as by high population density along the east 
toe of Shar Planina Mountain and the flat terrain to-
wards the Vardar River. 

As for the geological context (Fig. 1c), the study 
area belongs to the larger regional tectonic unit 
called Western Macedonian Zone. This unit is rep-
resented by rock masses from the Paleozoic, Mes-
ozoic, Pliocene and Quaternary ages. The forma-
tion of the terrain itself have begun with the forma-
tion of the Paleozoic geosyncline, in the Cambrian 
and Ordovician. In the lower levels of the Devoni-
an period, marine pelitic and psammitic sediments 
have been deposited, which have been facies-like 
altered laterally and vertically. In the upper levels 
of Devon, the sedimentation has been carried out 
in a significantly calmer environment when coarse-
grained sediments, gravels, sands and clays have 
been deposited. The end of the Devon is character-
ized by deposition of carbonate sediments and in 
some places clastic sediments (sandstones and con-
glomerates). Towards the end of the Devonian and 
the beginning of the Carboniferous, the terrain has 
been affected by Hercynian orogeny, whose move-
ments have manifested by intense regional met-
amorphism and folding. Primary sediments have 
been metamorphosed to the extent of green schists 
and turned into phyllite schists, metasandstones, 
metaconglomerates, metamorphosed limestones 
and marbles. In Carboniferous and Permian, cer-
tain parts of the former geosynclinal have been un-
der water, where tuffs, limestones, pelite and psam-
mite sediments have been deposited, and rhyolites 
have been extruded.

The rocks of the green complex of Shar Plani-
na and the carbonate-graphite schists have been de-
posited in a separate basin that have been formed 
somewhere after the Permian. The basin has exist-
ed until the end of the Middle Triassic in which di-
abase, tuff, pelite-psamite and carbonate sediments 
have been deposited in the deeper parts, while in the 
upper parts of the basin carbonates with cherts have 
been deposited. 

The Triassic is characterized by a dominant dep-
osition of carbonate rocks, which are found in the 
wider area, and with them the Triassic transgression 
ends, somewhere towards the beginning of the low-
er part of the Upper Triassic. At the end of the Tri-
assic there have been strong orogenic movements 
that have significantly modified the old structures. 
During the formation of the Jurassic geosynclinal, 
significant initial magmatism have occurred, and 
gabbro, diabase, rhyolite, keratorphyre, lampro-

phyre, granodiorite and granite rocks have been 
formed. Flysch sediments such as clays, sandstones, 
marls, marl limestones and limestones with altera-
tion in horizontal and vertical direction have been 
deposited during the Cretaceous transgression. Af-
ter the Upper Cretaceous, there have been intense 
orogenic movements that have formed overthrusts 
and reverse faults.

At the end of the middle and upper Pliocene, 
the vertical movements have reached their maxi-
mum, thus forming the Polog and Mavrovo grabens. 
Shar Planina Mountain, as a structure lying in the 
Alpine orogenic belt, has been significantly elevated 
by neo-tectonic movements and its high mountain 
ranges have been affected by glaciation in the Pleis-
tocene. In the Quaternary, especially in the postgla-
cial periods, there have been significant erosion of 
the surrounding terrains, as well as of the Pliocene 
sediments, when the formed lakes in the Mavrovo 
and Polog grabens have been filled, and the Polog 
lake flowed along the river Vardar, whereas the Mav-
rovo lake along the rivers Mavrovska reka and Radi-
ka. With the retreat of Polog Lake, terraces have 
been formed, whose sections are present south and 
southwest of Gostivar. In the peripheral parts of the 
Polog Region, as a result of torrential rains, large 
proluvial fans have been formed, and talus on the 
steep slopes [PETKOVSKI, 1982].

The topographic relief of the Polog study area 
ranges from 265 to 2700 m above sea level (Fig. 2a) 
with a complex morphology strongly controlled by 
the tectonics and geology.

The climate in the Polog Region is hot continen-
tal at altitude of 600-900 m a.s.l.; the Shar Planina 
Mountain has cold continental climate at altitude of 
900-1100 m a.s.l. and the remaining area has alpine 
mountainous climate at altitude over 2250 m a.s.l. 
Summer is warm and partly wet, winter is cold and 
snowy, whereas spring and autumn are characterized 
by rainfalls. In terms of rainfalls, the study area is 
characterized by the highest annual average rainfall 
in the country [ILIJOVSKI, 2013]; this ranges from 600 
mm/year to more than 1250 mm/year (Fig. 2b). His-
torically, this region has been exposed to extreme 
weather conditions and frequent flash flooding. 

The geomorphological settings, which mostly 
depend on the complex geology and tectonics, and 
the specific hydro-meteorological conditions, are 
the main predisposing factors for this region to be 
classified as “landslide-prone”. Over the study area, 
preliminary landslide susceptibility studies were per-
formed by PESHEVSKI [2015] with some more recent 
improvements by PESHEVSKI et al. [2019], who pre-
sented a heuristic approach for preliminary region-
al landslide susceptibility assessment using limited 
amount of data. In particular, the authors used an 
arbitrary polynomial method that takes into account 
five landslide-conditioning parameters: lithology, 
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slope inclination, average annual rainfall, land use 
and maximum expected seismic intensity. According 
to the results, a Total Landslide Susceptibility Rat-
ing (TLSR) model was obtained by summing the in-
dividual rating points of each parameter and divid-
ing the region into five susceptibility zones accord-
ing to Jenks natural breaks classification (Fig. 3). In 
these studies, it was concluded that the main issue 
was the lack of more precise data of past landslide 
occurrences. 

A number of devastating flash floods happened 
in the last decade, when human and economic losses 
were huge [PESHEVSKI et al., 2017]. The losses were am-
plified by inappropriate land-use (such as construc-
tion in flood plains, rapid illegal urbanization in haz-
ard zones and constricted river courses), incomplete 
and poorly maintained riverbeds and infrastructure, 
and increased erosion due to logging in forests. All 
these changes are altering the hydrological processes 
and regimes, increasing the risk of flash floods, land-
slides, river, rill, sheet and roadside erosion. This has 
resulted in an increase of the potential transported 
sediments, which more frequently reach built up are-
as in the transition to the Polog valley.

The last catastrophic event occurred on 3rd of 
August 2015 in the wider area of Tetovo town. Heavy 
rainfall was a trigger for flash flooding and a number 

of slope mass movements in the region (Fig. 4). Elev-
en settlements were affected by landslides, debris 
flows, earthflows or rock falls, which caused dam-
ages to infrastructure and structures, and unfortu-
nately, casualities. There were 6 fatalities and 11 in-
juries; 24 families were evacuated from the Shipkovi-
ca settlement, 169 houses were directly flooded and 
4 completely destroyed. The water supply systems in 
Tetovo, Shipkovica, Mala Golema Recica and Poroj 
were damaged. Eleven bridges and 17 roads were al-
so damaged; additional six damaged bridges in Te-
tovo town and 1 in Jegunovce village. Furthermore, 
approximately 40 ha of agricultural land was flooded 
[PESHEVSKI et al., 2017]. This last event confirmed that 
landslides in the Polog Region present a significant 
natural hazard. 

3. Landslide characterization by conventional 
methods

The conventional approach for landslide char-
acterization used for the Polog Region consisted 
of several activities that were undertaken during a 
period of seven months, between November 2019 
and June 2020. The main activities dealt with i) the 
analysis of own archive data on landslides and pho-

Fig. 2 – a) Slope map and b) rainfall map of the Polog Region. 
Fig. 2 – a) Carta delle pendenze e b) Carta delle precipitazioni della Regione Polog.

a) b)
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tointerpretation (performed in the period Novem-
ber 2019 - July 2020), ii) in-situ surveys to locations 
indicated by technicians of municipalities (from 
November 2019 to May 2020), iii) digitalization of 
landslide boundaries derived from available geo-
logical-geomorphological maps (at 1:25,000 scale) 
and from the archive of the Geological Survey of 
R.N. Macedonia (performed in the period Decem-
ber 2019 - March 2020), iv) interviews with employ-
ees and retired colleagues from geotechnical com-
panies during the period November 2019 - January 
2020, v) analysis of landslides along the channels 
of the “Mavrovo” system for hydro-energy produc-
tion in June 2020, vi) in-situ surveys with colleagues 
from the National University in Tetovo in the peri-
od May - June 2020, vii) visits to several geotechni-
cal companies in R.N. Macedonia in the period be-
tween November 2019-March 2020.

The landslide shape (body) for each single land-
slide was defined based on field mapping, morphol-
ogy of the terrain, all available topographic maps. 
For some landslides, the analysis of a 2020 LiDAR 
survey for the region, with average density of point 
cloud of around 20 points per square meter and ver-
tical accuracy less than 10 cm, was used. These accu-

racy characteristics of the point cloud data were con-
sidered sufficient for the purpose of regional land-
slide detection.

In this way, a landslide inventory with 136 occur-
rences was established. Then, in GIS environment, all 
phenomena were assigned the following data: loca-
tion (latitude, longitude, elevation, place name), geology, 
and – where available – the landslide state of activity 
(active, inactive, stabilized), features (type of movement, 
extension, direction of movement, trigger and depth), and 
source of data.

The analysis of the results shed a light on several as-
pects. In particular, almost half of the landslides direct-
ly affected the population and the infrastructure net-
work in the Polog Region, including disruption of the 
traffic flow and damage to the water channels of the 
“Mavrovo” hydro-system. For 24 landslides, damage was 
recorded; however, the detailed information on total 
losses is not available in the reports. Individual houses 
and settlements have been affected in 16 events. For 33 
landslides, there is information on certain mitigation 
works, although the smaller interventions were proba-
bly not registered in any documentation. 

As for the triggering factor(s) of landslide events, 
it was found that for most of the occurrences the fac-

Fig. 3 – Landslide susceptibility map of Polog Region for return period of maximum expected seismic intensity for a) 100 
years and b) 500 years (after PESHEVSKI et al., 2019). 
Fig. 3 – Carta della suscettibilità da frana della Regione Polog per un periodo di ritorno della massima intensità sismica attesa di a) 100 
anni e b) 500 anni (modificato da PESHEVSKI et al., 2019).

a) b)
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tor is unknown (more than 60% out of the total). 
This is a limit and can lead to wrong conclusions dur-
ing the preparation of landslide hazard maps. On 
the other hand, most of the remaining landslides re-
sulted as rainfall-induced (Fig. 5a). 

The type of sliding mechanism according to 
CRUDEN and VARNES [1996] is unknown almost for 
half of the landslides (Fig. 5b). For known cases, 40 
occurrences were classified as translational slides, 
8 complex slides, 13 rotational slides, 5 rockfalls, 3 
rock avalanches, 1 snow-rock-tree avalanche and 1 
rock slide. One landslide of flow type is registered in 
historical archives, or may be treated as floods events 
rather than flow-like slides. The only registered 
events of this type are those from the 2015 mass slid-
ing events. However, this finding should be consid-
ered as a limiting factor from several aspects, espe-
cially for the selection of appropriate susceptibility 
(or hazard) method and calibration of such models.

The landslides were also classified according to 
the depth of the sliding surface, considering the val-
ue of 2.0 m of depth as a separation criterion be-
tween shallow and deep landslides [CRUDEN and
VARNES, 1996; HUNGR et al., 2014; BRP/BWW/BUW-

AL, 1997]. Thus operating, it was found out that for 
half of the phenomena the depth of the sliding sur-
face is unknown, 29 were classified as shallow land-
slides and 39 as deep landslides (Fig. 5d). 

As for the state of activity, 37 landslides were con-
sidered active (Fig. 5c). The date of first activation 
of sliding and current state of activity is available for 
certain number of landslides, although some dates 
are only indicative (i.e. from verbal communication 
with municipality representatives). Previous data 
about landslide activity were very hard to obtain be-
cause of the lack of archives older than five-ten years. 
Finally, landslides were considered active if they ex-
hibited movement in the last six months prior to the 
database creation. The number of detected inactive 
landslides is nine; whereas for 80 landslides the activ-
ity state is unknown. From the available documents, 
ten landslides were stabilized by control works; how-
ever, the number of remediated smaller landslides, 
for which unfortunately there aren’t any records, is 
supposed to be much larger. 

As far as the size of the landslide area is con-
cerned, most of the landslides (55) were classified as 
large (10,000 – 100,000 m2), 30 slides were classified 

Fig. 4 – Some photo of landslides and impacted infra(structures) during the last catastrophic event occurred on 3rd August 
2015: a) debris fan near small electricity power plant; b) debris flow path through the Shipkovica village; c) debris flow ma-
terial completely covering the road between Shipkovica and Brodec; d) affected area in Golema Recica.
Fig. 4 – Alcune foto di frane e infrastrutture/strutture coinvolte durante l’ultimo evento catastrofico del 3 agosto 2015: a) deposito detritico 
nei pressi di una piccola centrale elettrica; b) percorso della colata detritica attraverso il villaggio di Shipkovica; c) materiale della colata de-
tritica che copre completamente la strada tra Shipkovica e Brodec; d) area colpita a Golema Recica.

a) b)

c) d)
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as very large (> 100,000 m2) and 27 of medium size 
(1000 – 10,000 m2). Only four slides belong to the 
category very small (< 100 m2) and seven slides were 
classified as small (100-1000 m2). For the remaining 
13 phenomena, information on the size is unknown. 

With reference to the landslide movement direc-
tion, most landslides move in east north-east to south 
south-west direction. 

The most important parameter controlling the 
distribution of landslides is the lithological compo-
sition of the terrain. Most landslides develop along 
the contact between debris and schist bedrock. The 
region is largely characterized by the presence of 
old tectonically affected Precambrian metamorphic 
complex, thus the terrain has a natural precondition 
for development of sliding processes. 

Currently, the inventory consists of 136 mapped 
phenomena, and in time, it should be appropriately 
updated. The landslide inventory of the whole Polog 
study area is provided in figure 6a, whereas three 
close-up views to some landslides around urban set-
tlements are given in figures 6a1, 6a2, 6a3.

4. Landslide characterization by DInSAR tech-
niques

4.1. Image dataset and processing algorithm 

The processing at the full spatial resolution was 
carried out over the whole Polog Region via the 
SAR Tomography technique [FORNARO et al., 2014]. 
Similar to the Persistent Scatterer Interferometry 
(PSI) [FERRETTI et al., 2001; COSTANTINI et al., 2008], 
SAR Tomography operates at the full spatial res-
olution and allows monitoring ground objects al-
so referred to as Persistent Scatterers (PS), i.e. tar-
gets characterized by a persistent electromagnetic 
response over the entire period of observation and 
from multiple orbits. It brings the imaging concept 
of the synthetic aperture in the slant-height (ele-
vation) direction, orthogonal to the radar Line-of-
Sight, based on the availability of multiple observa-
tions from slightly different orbits. This makes pos-
sible to focus at high resolution also in the third 
dimension (height) the signal backscattered from 

Fig. 5 – Landslides classification according to a) triggering factor ; b) type; c) state of activity; and d) depth of the sliding 
surface.
Fig. 5 – Classificazione delle frane in base a: a) fattore di innesco; b) tipologia; c) stato di attività e d) profondità della superficie di scorri-
mento.

a)

c)

b)

d)
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ground objects, hence, the name 3D imaging. The 
imaging concept can be even further extended by 
including in the processing the possible temporal 
diversity of SAR multipass acquisitions, therefore 
extending the focusing in a space/velocity volume 
(4D imaging) to measure the deformation param-
eters of any temporal coherent PS in the focused 
3D space. Monitoring capability can be pushed up 
to measure the slight movements induced by the 
thermal dilation of the imaged structures [FORNARO

et al., 2014]. Like PSI, SAR Tomography requires a 
strict phase calibration of the measured data aimed 
at compensating phase errors, mainly associated 
with propagation delays in the atmosphere of the 
electromagnetic radiation, which cause phases mis-
match with the expected linear models associated 
with height and deformation contributions. 

For the purpose of the present study, a set of 237 
multipass SAR images acquired over ascending or-
bits by the Sentinel-1A and -B satellites of the Eu-

ropean Space Agency, on relative orbit 175 within 
April 2015 to December 2019, was exploited. Based 
on the extent of the Polog Region with respect to the 
wide coverage of a single Sentinel-1 slice acquired in 
standard Interferometric Wide Swath (IW) acquisi-
tion mode, the processing has been limited to three 
bursts of the IW2 subswath. 

The processing of the data was performed 
through the two-scale algorithm of FORNARO et al.
[2014] that operates at different spatial scales: in 
a first stage, a Small-Baseline approach [BERARDI-
NO et al., 2002; FORNARO et al., 2009] is implement-
ed on spatially averaged data. The spatial averag-
ing reduces the spatial resolution of the data to the 
order of tens to hundreds of meters. The process-
ing on these low-resolution data allows estimating 
and compensating from the original acquisitions 
the phase contribution associated with the prop-
agation of electromagnetic waves in atmosphere 
and possible deformation acting on a large scale. 

Fig. 6 – a) The current landslide inventory presented on a earth satellite imagery of the Polog Region with some close-up 
views: a1) Gjermo; a2) Bozovtse; and a3) landslides above Bogovinje and Kamenjane villages.
Fig. 6 – a) L’attuale inventario delle frane sovrapposto ad un’immagine satellitare della Regione Polog con alcuni zoom: a1) Gjermo; a2) 
Bozovtse e a3) frane nei villaggi di Bogovinje e Kamenjane.

a1)

a)
a2)

a3)
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This step is mandatory for the execution of the sec-
ond, and most important, Tomographic processing 
at the full available spatial resolution of the data. 
For this study, a 4D Imaging (space/velocity) proce-
dure has been implemented. The detection of relia-
ble PS (i.e. the final test that allows determining the 
sparse map of output PS) has been implemented 
by exploiting a Generalized Likelihood Ratio Test 
(GLRT) scheme, which is based on the comparison 
of the normalized correlation among the measure-
ment vector and the expected phase model with a 
threshold set according to the designed probability 
of false alarm. It has been demonstrated that such 
processing provides better performances in the de-
tection of single PS and estimation of parameters 
of interest with respect to the classical PSI detector 
[DE MAIO et al., 2009]. The map in figure 7 shows 
the spatial distribution of detected coherent targets 
with their average velocity along the sensor-target 
Line of Sight (LOS) referred to the period of obser-

vation. As expected, most of coherent targets con-
centrate on urbanized areas located in the plain. 
Some targets are also detected on the hillside that 
represents the focus of this analysis. Western part of 
the Polog Region, characterized by the presence of 
high mountains, is affected by severe decorrelation 
that causes lack of detected PS. 

4.2. DInSAR data analysis 

The analysis of DInSAR data pursued two main 
goals: the check of the inventoried landslides in 
terms of boundaries and state of activity, the detec-
tion of unmapped unstable sloping areas. 

Referring to the study area, a check of the invento-
ried landslides in which at least one coherent DInSAR 
pixel was found within a buffer of 30 m drawn around 
the landslide boundaries (to take into account possi-
ble geolocalization errors) was carried out. Figure 8a 

Fig. 7 – Spatial distribution of the DInSAR data velocity derived by the tomographic processing at full resolution (5m × 20m) 
of Sentinel-1 images acquired on ascending orbit over the Polog Region in the period spanning from 03/04/2015 to 
29/07/2019.
Fig. 7 – Distribuzione spaziale delle velocità DInSAR derivate dalla elaborazione tomografica ad alta risoluzione (5m × 20m) delle immagini 
Sentinel-1 acquisite in orbita ascendente sulla Regione Polog nel periodo compreso tra il 03/04/2015 e il 29/07/2019.
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shows the map of DInSAR coherent targets superim-
posed to the landslide inventory with three close-up 
views of some covered landslides (Figs. 8a1-a3). Twen-
ty-four landslides out of a total of 136 resulted to be 
covered. Then, a further step of the analysis dealt with 
the selection of those coherent pixels exceeding a ve-
locity threshold assumed as indicator of movement. 
This threshold was fixed equal to 2 mm/year [CASCINI

et al., 2013; PEDUTO et al., 2015]. In table I the state of 
activity (whether available) of mapped landslides dis-
tinguished per type is compared with the condition of 
“movement/no-movement” provided by DInSAR da-
ta along the sensor LOS.

Interestingly, only nine of the covered landslides 
were fully classified in the inventory in terms of type 

and state of activity. Accordingly, the analysis of DInSAR 
data could turn out useful to provide some insights in-
to the kinematics of the abovementioned phenomena 
with reference to the period of observation of the avail-
able SAR images (03/04/2015 to 29/07/2019).

Unfortunately, because of strong decorrelation, 
southern part of the Polog Region is only partially 
covered by DInSAR data, as it can be seen in figures 
7 and 8. In particular, only in the south-eastern por-
tion – where no landslide polygons are present in 
the available inventory map – coherent benchmarks 
were retrieved by the SAR images processing. The 
density of points heavily reduces moving towards 
northwest, with no coherent benchmarks in the 
mountainous portion due to decorrelation effects.

Fig. 8 – a)Map of detected PS derived from the tomographic processing of Sentinel-1 images spanning from 03/04/2015 
to 29/07/2019 superimposed to the landslide inventory map of Polog Region with a1), a2), and a3) close-up views of some 
covered landslides.
Fig. 8 – a) Mappa dei PS derivata dall’elaborazione tomografica delle immagini Sentinel-1 dal 03/04/2015 al 29/07/2019 sovrapposta 
alla carta inventario delle frane della Regione Polog con a1), a2) e a3) viste ravvicinate di alcune frane coperte dai dati di interferometria 
satellitare. 

a1)

a) a2)

a3)
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As it is well-known in the scientific literature, DIn-
SAR data besides contributing to landslide character-
ization (e.g., definition of boundaries of landslide-af-
fected areas; state of activity) can valuably complement 
with geomorphological criteria in landslide detection 
[PEDUTO et al., 2021b]. This latter represented the sec-
ond goal of DInSAR data analysis. For this purpose, 
based on the selected “moving coherent DInSAR pix-
els” over the whole Polog Region, 38 hotspots were 
identified, wherein a concentration of moving coher-
ent pixels was identified out of the mapped landslides. 
These hotspots (Fig. 9) are mapped as areas that in-
cluded at least 10 moving coherent DInSAR pixels and 
located on sloping areas (i.e. slope angle derived from 
the Digital Elevation Model greater than 5 degrees). 
This map could be exploited jointly with geomorpho-
logical/geological criteria and photointerpretation to 
map undetected landslides or to address in-situ surveys 
aimed at landslide reconnaissance.

Figures 10a and 10b show two examples of the 
hotspots identified over the study area as unmapped 

moving areas (called A10 and A20). The DInSAR co-
herent pixels homogeneously cover the two slopes 
that are densely urbanized. Considering the ascend-
ing orbit of the dataset at hand, the area seems to 
reveal an eastward movement with LOS DInSAR ve-
locities ranging from 2 up to 10 mm/year. The cur-
rent lack of (conventional) information on these 
areas may be related to the well-known difficulties 
of slow-moving landslide mapping in urban areas 
[GULLÀ et al., 2017], wherein, conversely, DInSAR da-
ta provide the best monitoring performance and can 
be valuably coupled with the results of damage sur-
veys to both buildings [BORRELLI et al., 2018; DI MAIO

et al., 2018; PEDUTO et al., 2021a,b] and roads [INFANTE

et al., 2018; NAPPO et al., 2019]; unluckily, damage da-
ta are not yet available for the Polog Region. There-
fore, in-situ and geomorphological investigations to-
gether with the analysis of crack patterns on struc-
ture/infrastructures will allow therein a deepening 
of knowledge on kinematics and on the “real” phe-
nomena that affect the slopes.

Fig. 9 – Map of hotspots identified using Sentinel-1 DInSAR data over Polog Region.
Fig. 9 – Mappa degli hotspot identificati utilizzando i dati DInSAR di Sentinel-1 sulla regione Polog.
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5. Susceptibility maps for the Polog Region

Due to the lack of more precise data of past land-
slide occurrences, nonexistence of correlation be-
tween the landslide initiation with rainfall intensity, 
lack of data for flow-like type of movements, impre-

cise or missing data on landslide sediment produced 
during extreme events, the landslide assessment was 
developed at a susceptibility mapping level. 

Based on the available data, two landslide suscep-
tibility models were prepared for debris flow and shal-
low landslides. For this purpose, the following data 

Fig. 10 – Examples of hotspots identified using Sentinel-1 DInSAR data: a) A10 and b) A20 reported in Fig. 9.
Fig. 10 – Esempi di hotspot identificati utilizzando i dati DInSAR di Sentinel-1: a) A10 e b) A20 indicati in Fig. 9.

Tab. I – Type and state of activity of DInSAR-covered landslides with indication of the number of PS and measured LOS velocity.
Tab. I – Tipologia e stato di attività delle frane coperte dai dati DInSAR con indicazione del numero di PS e della velocità misurata lungo la LOS.

a) b)
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sources were used: basic geological map at 1:25,000 
scale (1970-1980); landslide inventory; LIDAR survey 
of the study area; topographic map at 1:25,000 scale; 
orthophoto images; high resolution DEM with fil-
tered vegetation; DEM derivatives (hillshade, slope, 
delineation of streams and roads); land-use map de-
rived from the LIDAR (for residential area detection) 
and a report for wild damps provided by UNDP.

5.1. Debris flow modeling 

A first step concerned debris flow modeling over 
the rugged terrain configuration of the Polog Re-
gion. Due to the complexity of the phenomenon, 
the variability of influential factors and uncertainty 
in parameters, a simplified model based on empiri-
cal or semi-empirical approach was adopted. For this 
purpose, the free available software Flow-R (https://
www.flow-r.org/) was used. Importantly, owing to the 
lack of registered past debris-flow events there was 
no possibility to perform more exact analyses, and 
therefore, the produced debris-flow maps can be 
considered only as debris-flow susceptibility maps, 
rather than a “regular” hazard maps. 

The following input data for modeling in Flow-R 
were used: DEM, flow accumulation, geology, lithol-
ogy, landuse, source areas, plan curvature and oth-
ers. The DEM is fundamental for both the source ar-
ea delineation and the propagation assessment, and 
its quality is of major importance for the accuracy 
of the results. In the analysis, the mass and volume 
are not taken in consideration, because the exact 
amounts cannot be easily assessed for large regions 
due to the significant mass displacements that oc-
cur from erosion and deposition. However, in order 
to obtain some preliminary expected quantities in a 
case of extreme weather events, later on an empiri-
cal assessment of the possible debris flow generated 
sediment within the watersheds in Polog Region was 
performed. 

The grid cells of each input dataset were classi-
fied as (1) favorable, when initiation is possible, (2) 
excluded, when initiation is unlikely, or (3) ignored, 
when no decision can be taken. Datasets were com-
bined according to the rule: a cell is a source area if 
it is selected as favorable at least once, but never ex-
cluded.

Two types of algorithms were involved in the 
propagation assessment: spreading algorithms con-
trolling the path and the spreading of the debris 
flows; and friction laws determining the run-out dis-
tance. Flow direction algorithms and persistence 
functions control the spreading. Several flow di-
rection algorithms were implemented in the soft-
ware, but for debris flow modelling the relevant are: 
Holmgren algorithm [HOLMGREN, 1994] and modi-
fied Holmgren algorithm [HORTON et al., 2013]. The 

persistence function aims at reproducing the behav-
ior of inertia, and weights the flow direction based 
on the change in direction with respect to the pre-
vious direction [GAMMA, 2000]. The run-out distance 
assessment is based on simple frictional laws. More 
precisely the kinetic energy of the cell is calculated 
based on the kinetic energy of the central cell, the 
change in the potential energy and the energy lost 
in friction. 

The methodology for preparation of the Flow-R 
models within this study consisted of: preparation of 
a 10 m x10 m resolution DEM of the study area; gen-
eration of flow accumulation; preparation of the ge-
ology map and definition of the classes with poten-
tial for initiating debris flow; preparation of land-use 
map based on Corine Land Cover [CLC, 2018] in-
ventory; and definition of classes with a potential for 
initiating debris flow.

During the setup of parameters and algorithms 
for debris flow modelling, the following were select-
ed for propagation calculation: Calculation method 
– Quick energy based discrimination (recommend-
ed for debris flows); Spreading algorithm – direction 
algorithm – Holmgren exp=4.0 (recommended for 
debris flows); Spreading algorithm – inertial algo-
rithm – weights – default; Energy calculation – fric-
tion loss function – travel angle 10 degree; Energy 
limitation – velocity < 14 m/sec.

As for the definition of precipitation thresholds, 
since for the region of interest there are no particu-
lar historical data, we had to rely on analysis of previ-
ous studies from other regions. Owing to similar con-
ditions for the meteorological settings, a study from 
the French Alps (Barcelonnette Basin) was select-
ed. Therein, the following rules of thumb had been 
defined: for debris flow initiation the rain intensity 
ranges from 2.7 to 30 mm/h, and the total duration 
of the event ranges from 1 to 7 hours [REMAÎTRE et al., 
2010]. According to this study, and in comparison 
with the available measured data from only two me-
teorological stations “Pozarane” and “Popova Sapka” 
in Polog Region, it could be concluded that all sce-
narios are possible. Therefore, it was considered that 
it was not logical to include the parameter “rainfall 
intensity” as “eliminatory” criteria for areas of the 
Polog Region.

In the first stage of the analysis all potential de-
bris flow source areas were present, without apply-
ing the filter of lithological composition (geology) 
and land use. As a second step, the land-use layer 
as well as geology layer were exploited. After analyz-
ing these two “eliminatory” layers, using engineering 
logics the final zones considered as susceptible to de-
bris flows were delimited. The obtained debris flow 
susceptibility map is shown in figure 11. These find-
ings should be considered with great precaution, re-
vised and checked as more advanced stages of inves-
tigations/modeling proceed. 
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Fig. 11 – a) Preliminary debris flow susceptibility map and b) close-up view of northwest portion of Polog Region study area.
Fig. 11 – a) Mappa preliminare di suscettibilità da colata detritica e b) zoom sulla porzione nord-ovest dell’area di studio della Regione Polog.

5.2. Shallow landslide susceptibility assessment

Shallow landslides are typically translational slid-
ing movements of soil material (earth and/or de-
bris), characterized by a planar sliding surface in 
a depth of up to 2.0 m [CRUDEN and VARNES, 1996; 
HUNGR et al., 2014]. According to the Swiss recom-
mendations (BRP/BWW/BUWAL 1997), landslides 
are classified as “shallow” if they are less than 2.0 m 
deep. Accordingly, based on the landslide invento-
ry of the Polog Region, 21% of the landslides were 
confirmed in class of shallow landslides [JOVANOVSKI

et al., 2021].
The infinite slope method [SKEMPTON and DELO-

RY, 1957] presented in figure 12 is a simple but very 
useful model for shallow sliding on a slip surface par-
allel to the slope of the ground, and it assumes that 
landslides are infinitely long but have small depth 
compared with their length and width. The infinite 
slope model has been used for analysis of shallow 
landslides in many studies [ALVIOLI et al., 2014; CHAE

et al., 2015; CHINKULKIJNIWAT et al., 2019; D’AMATO et 
al., 2009; FRATTINI et al., 2004; GRIFFITHS et al., 2011; 
LEE and PARK, 2015; ROSSO et al., 2006; SANTOSO et al.,
2011; TSAI et al., 2015].

The infinite slope equation calculates a safety 
factor, based on limit equilibrium analysis that de-
termines the balance between shear stress, which 
induces fracture along the supposed failure plane, 

b)

a)

Fig. 12 – Schematic representation of the infinite slope 
method depicting the different parameters and variables 
(adapted from SKEMPTON and DELORY 1957).
Fig. 12 – Rappresentazione schematica del modello di pendio in-
definito raffigurante i diversi parametri e le variabili utilizzate 
(adattato da SKEMPTON e DELORY 1957).
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and shear strength, which serves to resist shear frac-
ture. The following equation was used for calcula-
tion of the safety factor in this study, which was used 
by many other investigators [VAN WESTEN and TERLIEN,
1996; ACHARYA et al., 2006; RAY and SMEDT, 2008]:

= –+F m1C
D

( )
sin

s

e

C tan
γ

wγ ϕ
tan θeγθ

r+

wherein: F is slope safety factor (adimensional), Cs and 
Cr are effective soil and root cohesion (kN/m2), D is 
soil depth above the failure plain (m), φ is angle of in-
ternal friction of the soil (⁰), θ is slope angle (⁰), γw is 
unit weight of water (kN/m3), γe is effective unit weight 
of the soil (kN/m3), and m is wetness index. VANWESTEN

and TERLIEN [1996] define the effective unit weight, as:

= –+ m m1qcos
D

( )θ
a sγ γeγ +

wherein: γd is unit weight of dry soil (kN/m3), γs is 
unit weight of saturated soil(kN/m3), and q is any 
additional load on the soil surface (kN/m2).

The cohesion, dry and saturated unit weight 
and the friction angle of the soil (Tab. II) were de-
termined from the available 1:200,000 scale engi-
neering-geological map for Polog Region and from 
geotechnical reports of known landslides. The 
slope angle derived from the digital elevation mod-
el of the terrain (DEM), with grid size of 10×10 m. 
In order to estimate the soil depth above the fail-
ure plane the approach proposed by SAULNIER et al.
[1997] was used. Many researchers have estimat-
ed the value of root cohesion for different vege-
tation species growing in different environments 
and CHOK et al. [2015] summarizes typical values of 
these. Considering the proposed values, as well as 
the forest cover information and land-use data for 
the Polog Region from CORINE, the representative 
values of root cohesion adopted in the analysis did 

not exceed 10kN/m2 (i.e. for coniferous forest areas, 
see Tab. III). The parameter m, corresponding to 
the wetness index, theoretically expresses the rela-
tive position of the water H/D, where H is the sat-
urated thickness of the soil above the failure plain 
and D is the total depth of the soil above the fail-
ure plain. Since the data at hand for calculation of 
the wetness index were very limited, three different 
scenarios of this value were assumed; namely, 0.35, 
0.70 and 1.00.

Then, different stability classes were defined 
based on the values of the calculated safety factor 
(Tab. IV). 

Several scenarios were analyzed for the Polog Re-
gion, in order to get a sense of the shallow landslide 
hazard/susceptibility in different saturation condi-
tions and by taking in consideration the minimum 
and average values for the geotechnical strength pa-
rameters of the lithological units. Figure 13 shows 
the obtained shallow landslide susceptibility maps.

The obtained results suggest that shallow land-
slides are most likely to occur in the northernmost 
watersheds rather than in southern ones. If we con-
sider the hypsometrical position of susceptibility 
zones in all the nine performed models, it is ob-
vious that most landslides are expected to develop 
on the transition zone of the mountainous terrain 
towards the valley. Again, the northernmost part of 
the region is an exception because, therein, shal-
low landslides should be expected throughout the 
entire watersheds. The obtained results should un-
dergo a critical review when more detailed data are 
collected for each separate watershed, i.e. in water-
shed level studies.

6. Discussion and conclusions

The preliminary landslide inventory, suscepti-
bility maps and DInSAR data interpretation for the 

Tab. II – Input geotechnical parameters for the lithological units.
Tab. II – Parametri geotecnici di ciascuna unità litologica utilizzati come input per la modellazione.
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Fig. 13 – Shallow landslide susceptibility models for Polog Region: minimum values (Tab. II) of the geotechnical parameters with 
a) 35% and b) 70% soil saturation; average values (Tab. II) of the geotechnical parameters with c) 35% and d) 70% soil saturation.
Fig. 13 – Modelli di suscettibilità da frane superficiali per la Regione Polog: valori minimi (Tab. II) dei parametri geotecnici con a) 35% e b) 
70% di grado di saturazione del suolo; valori medi (Tab. II) dei parametri geotecnici con c) 35% ed) 70% di grado di saturazione del suolo.

a)

c)

b)

d)
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Polog Region study area can be considered as satis-
factory for this level of analysis (i.e. regional scale). 
Indeed, they represent sufficient background for 
the urging landslide management processes in the 
region. In particular, considering the almost total 
lack of information before the project started, the 
obtained results could help scientists and authorities 
in charge of land management to i) delimit zones/
watersheds within the region that require more ad-
vanced study of the landslide hazards, ii) prioritize 
the landslides requiring detailed investigations and 
iii) those needing extensive monitoring.

In figure 14, the susceptibility maps were over-
lapped on both the landslide inventory and possible 
slow-moving sliding zones derived from DInSAR da-
ta analysis. 

Depending on the type of landslide considered, 
it can be seen that the zones with highest susceptibil-
ity for shallow landslide occurrence match with most 
landslides from the inventory, suggesting the model 
is depicting quite well the real situation in the field. 
In relation to the assessment of flow-like events, it 
should be stressed that the adopted model is gen-
erally governed by the morphology of the terrain, 
while its verification is only possible after some time 
of data collection in an official database (which is 
suggested to be established as soon as possible for 
the region). 

As most regional studies with basic level of 
landslide zonation, the following problems were 

encountered during the course of the study. The 
shallow landslide model is limited by the availabili-
ty of data related to soil thickness and relatively low 
number of data (and unevenly distributed in the re-
gion) for the geotechnical parameters of soils and 
the groundwater regime. The debris flow model is 
limited in relation to precipitation data, because 
only small number of data for rainfall intensities 
and durations is available. These were extrapolat-
ed for the entire region, which in reality is probably 
not the case. Furthermore, from the field surveys 
it was seen that the applied algorithm gives higher 
values of susceptibility for higher elevations, where 
the present rock types and weathering patterns are 
not indicating that such events had occurred very 
often in the recent past.

All these limitations should be overcome in 
more advanced studies, consisting of more detailed 
in situ geotechnical testing and sampling and moni-
toring of rainfalls, surface water regime and ground-
water levels. 

As for the identification of hotspots based on 
the analysis of DInSAR data, the joint analysis of 
the results of damage surveys to buildings and 
roads in the affected urban areas would be useful 
to confirm the existence of active landslides [NAP-
PO et al., 2019; NOVIELLO et al., 2020; PEDUTO et al.,
2017a; 2021b]. However, this aspect could be ad-
dressed more appropriately via the use of very 
high-resolution sensors, such as CosmoSkMed or 
TerraSarX, whose images unluckily are not availa-
ble in a sufficient number for interferometric pro-
cessing over the Polog Region. Notwithstanding, 
deepening on selected sites via the full-integration 
of DInSAR data with conventional monitoring and 
site-specific soil characterization will allow a fur-
ther step toward slow-moving landslide analysis at 
the slope scale.

The proposed approach helps in the prelimi-
nary zonation of potential hazardous areas involving 
the local and regional authorities in charge of land-
slide risk management. 

As the main achievement of the presented pro-
ject, the exportation of the same procedure to other 
regions of R.N. Macedonia is envisaged. This is ex-

Tab. III – Root cohesion for land-use types and species in the 
Polog Region (adapted from CHOK et al., 2015). 
Tab. III – Valori del contributo coesivo delle radici assunti sulla 
base dell’uso del suolo e delle specie vegetali presenti nella Regione 
Polog (adattato da CHOK et al., 2015).

Tab. IV – Slope stability classes for the shallow landslide sus-
ceptibility model. 
Tab. IV – Classi di stabilità assunte per il modello di suscettibilità da 
frane superficiali.
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pected to play a key role in enriching the very limited 
available datasets as well as in fostering the improve-
ment of natural disaster prevention in the country.
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Caratterizzazione della franosità nella 
Regione Polog (R.N. Macedonia) con 
metodi innovativi e convenzionali

Sommario
L’articolo presenta i risultati preliminari di un progetto 

multidisciplinare internazionale finanziato dal Programma di 
sviluppo delle Nazioni Unite (UNDP) nella regione balcanica del 
Polog in R.N. Macedonia. Gli effetti combinati di un contesto 
geologico complesso, la morfologia articolata e le particolari 
condizioni climatiche fanno della Regione Polog una delle aree 
maggiormente esposte al rischio da frana nel Paese. 
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Sull’area di studio (con estensione di circa 1000 km2) sono stati 
effettuati in passato studi preliminari di suscettibilità da frana; 
tuttavia, il quadro conoscitivo della franosità nella regione è ancora 
fortemente limitato dai pochi dati disponibili; pertanto, studi di 
maggiore dettaglio a copertura totale risultano necessari per l’analisi 
quali/quantitativa del rischio. 

In tale contesto si inquadra il presente studio che persegue la 
rilevazione delle aree in frana e la analisi della loro interazione 
con il reticolo idrografico nella Regione al fine di proporre misure 
tecniche – a livello di studio di fattibilità – per le aree esposte al 
rischio più elevato. 

Nella prima fase, attraverso il contributo congiunto di geologi/
geomorfologi, idrologi, ingegneri geotecnici e idraulici, le attività 
si sono concentrate sulla preparazione di mappe tematiche delle 
sorgenti di sedimenti, tra le quali l’inventario delle frane gioca un 
ruolo di primaria importanza.

In via preliminare, le attività di base hanno riguardato i) 
l’analisi di carte geologiche e topografiche storiche e recenti, nonché 
rapporti tecnici su frane censite, ii) rilievi di campo e iii) raccolta di 

testimonianze di particolari eventi franosi.
I dati raccolti sono stati, quindi, analizzati in combinazione 

con dati da LIDAR (Light Detection and Ranging) aerotrasportato 
e misure di spostamento al suolo derivanti dal processamento 
mediante interferometria differenziale multipassaggio di immagini 
acquisite da radar satellitare ad apertura sintetica (DInSAR). 
Queste ultime sono state applicate per la prima volta in questa 
regione per l’analisi di pendii affetti da frane a cinematica lenta. 
Sono state condotte, inoltre, analisi preliminari di suscettibilità da 
frana in ambiente GIS con riferimento a fenomeni superficiali e 
debris flow.

L’approccio seguito si è rivelato adeguato ad un livello di studio 
di fattibilità in un’area come quella del Polog, dove la cartografia 
di base e tematica è incompleta o mancante. I risultati ottenuti 
hanno permesso i) una visione d’insieme, ancorché preliminare, delle 
condizioni di instabilità che interessano i versanti della Regione 
del Polog e ii) di individuare le aree a più elevata suscettibilità da 
frana. In tali aree, studi più approfonditi saranno condotti nelle 
fasi successive del progetto.
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