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Abstract The scientific research project Methodology 
development for landslide susceptibility assessment for 
land-use planning based on LiDAR technology 
(LandSlidePlan, HRZZ IP-2019-04-9900 ), funded by the 
Croatian Science Foundation, deals with new and under-
investigated subjects in respect of inventory mapping of 
small and shallow landslides and presents innovative 
approaches to scientific research of landslide susceptibility 
assessment using cutting-edge LiDAR technology for 
collection of input data. The project has three main 
scientific goals. The first goal is to create the best optimal 
digital model of the bare-earth terrain that shows realistic 
landslide footprints and differences between disturbed 
and undisturbed land that may influence land use. The 
second goal is to create the most reliable large-scale 
landslide susceptibility map with the best differentiation 
of landslide-prone and non-susceptible areas using 
scientific methods customised to specific engineering 
geological conditions of Croatian environments with 
sliding threats. And the third goal is to create maps 
depicting information about landslides tailored according 
to the needs of the system of physical planning in Croatia 
(particularly land-use planning), encompassing local and 
regional levels under, harmonised at the national level. 
Due to different natural conditions and land uses in 
different parts of Croatia, the methodology will be 
developed for pilot areas in the City of Zagreb, Hrvatsko 
Zagorje and Istria, selected based on characteristic 
geological settings and degree of urbanisation. 
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Introduction 

Sustainable strategic planning and management are 
impossible without knowing the spatial distribution of 
geohazards in populated areas, respectively, without the 
systematic mapping of landslide occurrences (Bell, 2003; 
Clague and Roberts 2012). Therefore, one of the priorities 
for an action plan in the Sendai Framework for Disaster 
Risk Reduction 2015-2030 (UN 2015) is understanding 
disaster risk in all its dimensions of vulnerability, capacity, 

exposure of persons and assets, hazard characteristics and 
the environment. Based on this data, it is crucially 
important to disseminate location-based disaster risk 
information to decision-makers, the general public and 
communities at risk exposed to disaster, in an appropriate 
format using geospatial information technology.  

In the last fifteen years, a variety of remote sensing 
techniques and applications have been discussed, 
considering their usefulness for landslide hazard mapping 
(Guzzetti et al. 2012; Jaboyedoff et al. 2012; Scaioni et al. 
2014). The main advantage of remote sensing techniques is 
that they enable 3D surface models with high precision 
and spatial resolution that can be used for large area 
coverage analysis. The advantage of LiDAR (Light 
Detection and Ranging) technique and ALS (Airborne 
Lidar Scanning) data compared to other remote sensing 
techniques is ground detection in forested terrain and the 
possibility of creation of high-resolution bare-earth digital 
elevation models (DEMs), which enables identification 
and mapping of small and shallow landslides in densely 
vegetated areas (Chigira et al. 2004; Van den Eeckhaut et 

al. 2019a). Furthermore, the landslide maps obtained 
through the visual analysis of LiDAR-derived DTMs had 
better statistics for the landslide size (area) than the 
inventories obtained through field mapping or the 
interpretation of aerial photographs (Van den Eeckhaut et 
al. 2007; Razak et al. 2011; Bernat Gazibara et al. 2019b).  

The methodology for landslide susceptibility 
assessment will be developed for small and shallow 
landslides in urban, suburban and rural areas in Croatia. 
Based on the classification system by IPL (2013), landslides 
in three pilot areas can be classified as shallow landslides 
(1 - 5 m) to moderate shallow landslides (5 – 20 m), since 
the depth of the sliding surface of landslides that usually 
occur is approx. 5 m deep, with a maximum depth of 20 m. 
Furthermore, the most abundant landslide size in all three 
pilot areas is approx. 500 m2 and based on the classification 
system by van Schalkwayk and Thomas (1991) and 
landslides can be classified as small (101 - 103 m2). 

LiDAR DTM also enables derivation of high-
resolution and high-quality landslide-causal factor maps, 
i.e., elevation, slope gradient, slope aspect, drainage 
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density maps etc. Namely, for following up analyses of 
landslide susceptibility, it is important to select the 
representative factors related to the landslide types and 
failure mechanisms in each particular environment 
(Cruden and Varnes 1996). Furthermore, there are 
multiple sources of uncertainty within statistically-based 
landslide susceptibility assessment that need to be 
accounted and monitored, such as: (i) selection of the 
terrain mapping unit; (ii) selection of the geometric 
feature type to represent landslides (polygon vs. point); 
(iii) selection of the ratio of landslides for training and 
validation; (iv) selection of the validation method; and (vi) 
selection of the classification method for landslide 
susceptibility map. 

The urgent need of researching the landslide 
susceptibility assessment for application in land use 
planning in Croatia arises from national landslide risk 
assessment (Croatian National Platform for Disaster Risk 
Reduction, CNPDRR, 2019). The preliminary regional 
landslide susceptibility analysis showed that 
approximately 20% of the territory of the Republic of 
Croatia is potentially prone to landsliding. Furthermore, 
from the same susceptibility analysis arises that 60% of 
cities/municipalities (local administrative units) are 
endangered by Multiple Occurrence of Regional Landslide 
Events (MORLE) in case of the most probable 
unfavourable hydrological event experienced in 2013 and 

Bernat Gazibara et al. 2019c). All of the facts 
mentioned above were the motive for the scientific 
research project entitled Methodology development for 
landslide susceptibility assessment for land use planning 
based on LiDAR technology (LandSlidePlan IP-2019-04-
9900) funded by Croatian Science Foundation. The 
research group includes six project members-researchers 
from two Croatian universities, the University of Zagreb – 

Faculty of Mining, Geology and Petroleum Engineering 
and the University of Rijeka - Faculty of Civil Engineering, 
and three international project members-researchers from 
the University of Florence and the University of Ljubljana. 

 
Study area 

Owing to different natural conditions and types of land 
uses in Croatia, the landslide susceptibility methodology 
will be developed for three pilot areas (Fig. 1), selected 
based on characteristic geological settings, 
geomorphological conditions and degree of urbanisation: 
(i) pilot area (20 km2) in the City of Zagreb; (ii) pilot area 
(20 km2) in Hrvatsko Zagorje; (iii) pilot area (20 km2) in 
Istria. Pilot areas in the City of Zagreb and Hrvatsko 
Zagorje are located in Pannonian Basin, and the third pilot 
area is in Istria, which belongs to an undeformed part of 
the Adriatic Plate (Mihalic Arbanas et al. 2017). 

The Podsljeme area of the City of Zagreb includes the 
2. 

Part of the Podsljeme area of the City of Zagreb was 
selected as a pilot area because of hilly relief, high degree 
of urbanisation and Neogene and Quaternary deposits 
extremely susceptible to landslides. Landslides mainly 
occur at the boundary between superficial deposits and 
bedrock, and many known landslides occur at the 
geological contact between Pleistocene and Upper Pontic 
deposits. Landslides are predominantly small to medium-
sized, with sliding surfaces at depths of several meters to a 
maximum of 20 m. The preparatory causal factors of slope 
instabilities in the Podsljeme area depend on 
geomechanical properties of soils, geomorphological 
processes and different types of man-made processes 

 et al. 2016), and the main triggers are 
precipitations and human activity. 

 

 

Figure 1 Locations of pilot areas in the scientific research project LandSlidePlan. 
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Hrvatsko Zagorje is a hilly geographical unit in the 
northwestern part of Croatia, with a total area of about 
2,000 km2. The pilot area is located in the northwest part 
of Hrvatsko 
part of the Bednja Municipality and the central part of the 
City of Lepoglava. The pilot area covers a total of nine 
settlements, three in the City of Lepoglava and six in the 
Bednja Municipality. The study area is composed of 
Miocene, Quaternary and Triassic sediments. Landslides 
in this area mainly occur in weathered clastic rocks and 
soils of Miocene age and at the geological contact of the 
superficial deposits and the bedrock. Landslides are 
mostly small to medium, with sliding surfaces at depths of 
several meters to a maximum of 20 m. Precipitations and 
human activity are the primary triggers of landslides in 
NW Croatia (Bernat et al. 2014a). For example, abundant 
landslide events (MORLE) in the hilly areas of NW Croatia 
occurred in winter 2012/2013 due to the prolonged heavy 
rainfall periods and the rapid melting of a thick snow cover 
(Bernat et al. 2014b). 

The Istrian peninsula is a geomorphological unit 
separated from the interior by the limestone mountains of 

a hilly northern edge (White Istria), lower flysch hills 
(Gray Istria) and low limestone plateaus (Red Istria). The 
pilot area is located in the northern part of the Istrian 
County, in Gray Istria, and includes the hilly part of the 
City of Buzet between the valley of the river Mirna in the 
north and the accumulation Butoniga in the south. The 
materials that make up these hills are mainly represented 
by flysch-like deposits of the Eocene. The pilot area of the 
City of Buzet includes a total of 15 settlements. In this area, 
landslides occur in weathered flysch-like deposits of the 
Eocene and on the geological contact of flysch-like rocks 
and superficial materials. Block translational landslides 
are also possible (Arbanas et al. 2010). Landslides are 
mostly small to medium-sized, with sliding surfaces at 
depths of several meters to a maximum of 15 m triggered 
mostly by precipitations and human activity. 
 
Input data 

 
Airborne laser scanning (ALS) was undertaken during the 
leaf-off period, in March 2020, using Eurocopter EC 120B 
equipped with Hasselblad camera and Riegl LMS-
long-range airborne laser scanner (ALS). The LiDAR 
system used in this study captured data at a pulse rate 
frequency of 400 kHz with a surface point horizontal 

accuracy of 3 cm and vertical accuracy of 4 cm. Final Point 
Cloud for the City of Zagreb has approx. 623 million points 
with a point density of 16,09 pt./m2 which results in 
average point spacing of 0.2 . Characteristics of all 
three LiDAR point clouds in study areas of the City of 
Zagreb, Bednja Municipality – City of Lepoglava and City 
of Buzet are listed in Table 1. The resulting point clouds 
serve for interpolation of bare-earth DTMs. 

Preparation of LiDAR DTM was carried out in 6 
resolutions (0.15, o.3, 0.5, 1, 2 and 5 m) using four 
commonly used interpolation methods, namely Inverse 
Distance Weighting (IDW), Natural Neighbor, Australian 
National University DEM (ANUDEM) and Kriging (Razak 
et al. 2013). In each pilot area, preliminary visual 
interpretation of DTMs was performed to create a set of 
landslides for quantitative geomorphological analysis to 
determine an optimal LiDAR DTM for visual landslide 
inventory mapping. The quality of DTM for visual 
landslide identification and mapping was determined 
based on the topographic signature of landslide 
morphology using statistical parameters (Chu et al. 2014). 
The key indirect goal was to statistically determine the 
most optimal LiDAR DTM for visual landslide inventory 
mapping of small and shallow landslides in specific 
environmental/engineering geological conditions related 
to particular landslide type(s). Based on the point density, 
average point spacing, and quantitative geomorphological 
analysis, the bare-earth DTM with a 30 cm resolution using 
the kriging interpolation method was created for visual 
landslide identification and mapping in all pilot areas. 

 
Landslide inventory maps 
Landslide data in the form of a landslide inventory map 
includes visual interpretation of the most optimal LiDAR 
DTM derivatives, delineation of landslide contours in GIS 
and field checking of mapped landslides. Based on optimal 
DTM for interpreting landslide morphology, five 
topographic derivative datasets were derived: hillshade 
maps, slope maps, contour lines, curvature and surface 
roughness maps. Landslide inventory mapping was carried 
out at a detailed scale (1:100 – 1:500) to ensure a correct 
delineation of the landslide boundaries (Petschko et al. 
2015; ; Bernat Gazibara 2019a). During visual 
landslide identification and mapping, Google Earth 
satellite images were used to check morphological forms 
along roads and houses, such as artificial landfills and cuts, 
similar to landslides ; 
Bernat Gazibara 2019b). 

 

Table 1 LiDAR point cloud characteristics in three study areas. 

Study area Area 
(km2) 

No. of points 
in point cloud 

No. of points in 
class 2 - terrain 

Percentage of points 
in class 2 - terrain 

Point cloud density in 
class 2 -terrain (pt./m2) 

Average point spacing 
in class 2 – terrain (m) 

City of Zagreb 20.22 623450816 325409134 52.19 % 16.09 0.28 
Bednja-Lepoglava 21.11 577812196 283147378 49.00 % 13.41 0.31 
Buzet 19.98 696823831 343826654 49.34 % 17.21 0.27 
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Visually interpreted landslides on LiDAR DTM 
derivative maps were additionally filed checked, and 
landslide verification was conducted on 10 - 20% of 
randomly selected landslides in inventories for each pilot 
area, which is satisfactory according to Galli 
Completed LiDAR-based landslide inventories will be used 
for further landslide susceptibility analyses, and no 
additional landslide data, like historical databases or 
landslide reports, will be used. The key indirect goal is to 
create sustainably complete landslide inventories for 
statistical susceptibility modelling in three representative 
environments in Croatia, e.g., complete landslide 
inventory for the Hrvatsko 
2022). The total area of mapped landslides in the Hrvatsko 
zagorje 2 or 2.02% of the pilot area, and the 
mean landslide density is 45.1 ls/km2. The average 
landslide 2 (median = 173 m2, 
std. dev. =  m2). 
 
Landslide causal factors 
Collection of landslide causal factors includes 
morphological factors (elevation, slope, aspect, etc.), 
geological factors (lithology, distance from faults, etc.), 
hydrological factors (distance from stream network, 
drainage density, etc.) and land cover conditions (land-
use, land-use changes, distance from roads and buildings, 
etc.). The selection of landslide controlling factors and 
processes of its derivation is strongly related to the 
following up analyses of landslide susceptibility (Soeters 
and van Westen 1996; Guzzetti et al. 1999; Chacón et al. 

 
Preparation of geological and anthropogenic causal 

factors included the digitalisation of geological units and 
linear geological structures from the existing geological 
maps and the digitalisation of buildings, roads and land 
use from existing digital orthophotos on a scale of 1:5 000. 
Also, spatial analysis of landslides distribution in relation 
to different causal factors resulted in a series of causal 
factor maps classified according to their relative impact on 
sliding. Causal factor maps derived for all three pilot areas 
are listed in Table 2. The key indirect goal is to determine 
which landslide causal factors are necessary and optional 
for high-quality landslide susceptibility analysis in specific 
environmental conditions and for specific landslide types, 
i.e., small and shallow landslides. 
 
Landslide susceptibility modelling 

 
Flow chart of the methodology for landslide susceptibility 
assessment in the scientific research project 
LandSlidePlan is shown in Fig. 2. Landslide susceptibility 
analyses using statistical methods are planned by 
application of three data-driven approaches: (i) bivariate 
statistical methods, including Information value method 

(Bonham-Carter 1994; van Westen 2002); (ii) multivariate 
statistical methods, including logistic regression 

(Ohlmacher and Davis 2003; Gorsevski et al. 2006) and 

(iii) machine learning methods, including support vector 
machine (Huang and Zhao 
(Brenning 2005; Stumpf and Kerle 2011). Selected statistical 
methods represent the most commonly used approaches 
for landslide susceptibility assessment and show the best 
prediction modelling rates (Frattini et al. 2010; 

ptibility 
analysis will be carried out for six different mapping units, 
including the different sizes of grid-cells (1 m, 2 m, 5 m), 
terrain units, slope-units (Alvioli et al. 2016) and unique-
condition units which are made by overlaying a number of 
landslide causal factors (Carrara et al. 1995). Susceptibility 
analyses will be performed using a landslide training group 
(50% of the inventory randomly selected), while 
independent validation will be carried out with the other 
50% of the landslide inventory (landslide test group). Also, 
landslide susceptibility models will be computed using the 
landslide training group represented as visually mapped 
landslide polygons, the point features at the head scarps of 
mapped landslides, and the point features corresponding 
to the centroid of landslides (Petschko et al. 2015). 

 
Table 2 Landslide causal factor maps prepared for three pilot 
areas. 

Group Landslide casual factor map 

Geomorphological 
factors 

Elevation 
Slope gradient 
Slope orientation 
Contour density 
Terrain curvature 
Terrain roughness 
Terrain dissection 
Proximity to gully channel 

Geological factors 
Lithology (rock type) 
Proximity to geological contact 
Proximity to faults 

Hydrological factors 

Proximity to drainage network 
Proximity to springs 
Proximity to permanent streams 
Proximity to permanent and temporary streams 
Topographic wetness 

Anthropogenic factors 

Land use 
Proximity to building 
Proximity to roads 
Proximity to land use contact 

 
Results of landslide susceptibility modelling will be a 

series of more than 200 landslide susceptibility maps per 
pilot area, due to variation of three landslide feature 
geometry, six statistical methods, six mapping units and a 
few different combinations of landslide causal factor maps. 
The key indirect goal is to test the possibilities and 
limitations of applying three statistical techniques for 
landslide susceptibility assessment on a particular data set 
representing specific environmental/engineering 
geological conditions related to small and shallow 
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landslides. Also, to determine the appropriate resolution 
of input and resulting maps, mapping units for landslide 
susceptibility modelling and representation of results and 
the adequate form of input dependent variable (landslide 
polygons vs. points representing landslides). 
 
Verification 
Verification of landslide susceptibility assessments in 
terms of accuracy of the resulting landslide susceptibility 
maps will be evaluated using landslide inventory, i.e., 
landslide training group (50% of the inventory randomly 
selected) and landslide test group (other 50% of the 
landslide inventory). All derived landslide susceptibility 

maps will be classified in 100 classes of an equal number of 
terrain units to allow comparison. The prediction skills of 
susceptibility models will be evaluated using Receiver 
Operating Characteristic (ROC) analysis expressed by 
success and prediction rate curves (Gorsevski et al. 2006).  

The key indirect goal is to define the best method for 
landslide susceptibility assessment by its resolution, input 
parameters of independent variables (landslide casual 
factor maps) and input parameters in the form of landslide 
inventory map for specific environmental/engineering 
geological conditions and small and shallow landslides. In 
addition, advantages and drawbacks of all applied 
methods will also be gained, specific for all three pilot 
areas. 

 
 

 

Figure 2 Flow chart of the methodology for landslide susceptibility assessment in the scientific research project LandSlidePlan. 

 
 

 

Classification of resulting susceptibility maps is crucial for 
land use spatial planning and management, which 
influences the possibilities of practical use of maps and the 
quality of information depicted by the map. An essential 
issue is the determination of susceptibility thresholds, i.e., 
the classification of derived landslide susceptibility maps 
into a limited number of susceptibility classes. Adopting 
one classification system or another will not only affect the 

map’s readability and final appearance, but most 
importantly, it may affect the decision-making tasks 
required for effective land management 
(Chung and Fabbri, 2003). The proposed research will 
compare and evaluate the reliability of the most 
commonly used classification methods (Cantarino et 
al. 2019), including equal intervals, natural breaks, 
quantiles, head/tail breaks and standard deviation. Also, 
before applying the best classification method, it is crucial 
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to define the criteria for discrimination of landslide areas 
and landslide-prone areas. According to the clearly 
defined purpose of end-product maps, which the project 
will derive, criteria and potential uses will be determined 
by decision-makers, practitioners and experts from the 
domain of spatial and land use planning. Methodology for 
deriving expert opinion will include questionnaires, 
transfer of experience from EU countries (Italy and 
Slovenia), and one round-table with local and regional 
government/administration representatives under the 
Ministry of Physical Planning, Construction and State 
Assets supervision. The key indirect goal is to develop a 
derivation model of cartographic information about 
landslides for sustainable risk management through the 
land use planning system at the local and regional 
government (municipalities, cities, and counties). 

At the end of the LandSlidePlan project, guidelines 
about the practical application of the developed 
methodology in the spatial planning system in Croatia will 
be written. Based on similar guidelines for landslide 
susceptibility, hazard and risk zoning for land-use 
planning (  a, b), LandSlidePlan project 
guidelines will provide: (i) definitions and landslide 
terminology; (ii) description of the types and levels of 
landslide zoning; (iii) suggested scales for zoning maps 
taking into account the needs and objectives of land use 
planners and regulators and the purpose of the zoning; (iv) 
guidance on the information required for different levels 
of zoning taking account the various environments; (v) 
guidance on the reliability, validity and limitations of the 
applied statistical methods, (vi) advice on the required 
qualifications of the persons carrying out landslide 
susceptibility zoning. 

 
Conclusions 

The scientific project LandSlidePlan, with the mission to 
reach new knowledge necessary for practical solutions of 
landslide susceptibility assessment in all types of Croatian 
environments prone to sliding, will enhance 
understanding of the landslide disaster risk due to MORLE 
(Multiple Occurrence of Regional Landslide Events) in 
Croatia. The resulting methodology will enable the 
efficient production of a series of landslide susceptibility 
maps by exploiting new technologies (i.e., LiDAR and ALS) 
that enable the mapping of small and shallow landslides. 
In addition, some goals of the project that are related to 
the research of the potential of the technological advances 
for landslide inventory mapping as well as the derivation 
of landslide causal factor maps on a large scale are also of 
crucial importance for risk assessment as well as for 
dissemination of location-based disaster risk information 
to decision-makers, the general public and communities at 
risk exposed to disaster. The use of these maps in the 
project is primarily aimed at the production of landslide 
susceptibility maps that will be used by the regional and 
local administration and decision-makers in the processes 
of land use planning.  

The research in the framework of the LandSlidePlan 
is based on innovative technologies, realistic limitations 
related to the availability of spatial data in Croatia (limited 
amount of geological data) and urgent needs for efficient 
solutions applicable in the Croatian system of physical 
planning in line with European and global requirements 
related to sustainable development, human and 
environmental protection. The scientific and practical 
objective of the LandSlidePLan project is the development 
of a methodology for landslide susceptibility assessment 
using LiDAR technology and the most reliable modelling 
approaches for characteristic Croatian environments and 
sliding phenomena. Due to different natural conditions 
and land uses in different parts of Croatia, the 
methodology will be developed for three pilot areas, 
selected based on characteristic geological settings and 
degree of urbanisation. 

LandSlidePlan contributes to developing Croatian 
scientific research potential by acquiring and applying new 
knowledge in the project, publishing scientific papers in 
high-quality journals, and bringing scientific excellence 
worldwide by developing a new research methodology. 
Other substantial impacts are:  

 OSI1 - Policy and regulations: LandSlidePlan will help 
decision-makers better understand tools and 
methodologies for analysing different landslide 
hazards and risk elements and their practical use in 
disaster risk management. Support decision-making 
with the interaction between policy makers and the 
scientific community. Improved competencies of 
policymakers, decision-makers and authorities from 
local, regional and national governments will 
improve policies and regulations.  

 OSI2 - Environmental impact: LandSlidePlan will 
help increase scientific research of landslides for its 
prevention. This implies new ideas and solutions to 
environmental threats, like landslides and adaptation 
measures to climate change. 

 OSI3 - Societal implications: Dissemination, 
communication and exploitation activities of the 
LandSlidePlan project will influence awareness and 
knowledge on landslide risk prevention methods and 
solutions in society, primarily through the public 
authorities. Cooperation of governmental authorities 
with the LandSlidePlan and transferring this 
information through different media can positively 
influence trust in public authorities. Furthermore, 
the practical measures disseminated to the public will 
also empower citizens in being better informed and 
community-supported. 
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