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1. INTRODUCTION
Landslide is a general term used for the gravitational movements 
of the ground mass, whether it involves soil, rock or various com-
binations of both, as well as the landforms resulting from such 
movements (HIGHLAND & BOBROWSKY, 2008). Their occur-
rence is closely related to conditioning factors that, according to 
numerous existing examples of  literature, frequently include: li-
thology, hydrological characteristics, the presence of older land-
slides, slope angle, vegetation and land use. Landslides are usually 
initiated by: ample precipitation, flash floods, human intervention, 
and/or seismic activity (ZÊZERE et al., 1999; MAHALINGAM 
et al., 2016). Therefore, identification of the specific factors that 
directly influence slope instability in certain regions is key for the 
prediction of such processes and should be used for landslide sus-
ceptibility mapping and assessment of potential hazards. 

In order to detect conditions in which landslides are activated, 
it is essential to create a reliable landslide inventory. The conven-
tional approach to build a landslide inventory comprises a combi-
nation of stereoscopic aerial photography and field prospection, 
which hasn’t always proved successful, given its dependence on 
various factors such as the accessibility of the terrain or vegeta-
tion cover. However, the efficiency of the investigation of barely 
accessible areas has been enhanced with the rapid development of 
one remote sensing technique, Light Detection And Ranging 
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Abstract
This paper presents the preliminary results of analyses of landsliding processes derived from 
detailed LiDAR (Light Detection and Ranging) scans supported by field prospection on the south-
western slopes of Mt. Moslavačka gora, in the wider Kutina area. This area is known for frequent 
landslides, but dedicated regional landslide research has not been previously undertaken.
High resolution LiDAR scanning and orthophoto imaging enabled the production of a reliable 
landslide inventory, but also enabled research on landslide properties and the morphology of 
the area. Field mapping and prospection, sampling and borehole coring assisted in the collec-
tion of information about the material characteristics and specific features of typical landslides.
In the research area, which covers more than 71 km2, more than 1200 very small landslides were 
detected. The majority of landslides were discovered in just several geological units indicating 
their high susceptibility: Pleistocene silts and sands with clayey interlayers, followed by M2 silty 
sands and gravels, and M7 sands. Nearly half of the landslides are estimated to be of recent and 
younger age, while other landslides may be considered as being historical implying a “long tra-
dition” of landslide events in the research area. Preliminary terrain surface roughness analysis 
also supported the conclusion that the inventory contains landslides of several historical gene
rations which are still detectable. In addition to slides (1123), this research also discovered nu-
merous earthflow processes (143), which are more frequent in the predominantly sandy units. 
The landslides in this area are largely located on the banks of the gullies and are directly related 
to the action of water. Regarding that situation and the engineering properties of the encountered 
geological units, four types of bank instabilities can be differentiated: slides on top of rock mas­
ses; slides in firm soil mixtures; landslides in sands; landslides in predominantly coherent soil 
complexes.

(LiDAR) (VAN DEN EECKHAUT et al., 2007), which enables 
collection of reliable information about the terrain. LiDAR is now-
adays considered one of the most commonly utilized technologies 
in landslide research (JABOYEDOFF et al., 2012; FANOS & 
PRADHAN, 2018). This tool provides high-resolution point 
clouds of the topography and enables the production of a Digital 
Elevation Model (DEM, or DTM – digital terrain model in some 
literature) – the bare ground surface without any objects includ-
ing plants and buildings. In cases where point clouds are dense 
and measured with high precision, LiDAR scanning enables the 
creation of accurate and precise high-resolution digital elevation 
models (HRDEM) (JABOYEDOFF et al., 2012; TAROLLI, 2014; 
PAWLUSZEK, 2019). HRDEMs are applicable for the detection 
and characterization of various mass movements. Other than uti-
lizing this tool for modelling purposes, it is also being used for the 
conduction of hazard assessments and susceptibility mapping in-
vestigations (JABOYEDOFF et al., 2012; PAWLUSZEK, 2019). 
Remote sensing technologies in building landslide inventories are 
on the rise because they provide a rapid, detailed and precise map-
ping of the Earth’s surface characteristics, which, as a supplement 
to field investigations, enables the detection, interpretation and 
monitoring of larger areas of interest (GUZZETTI et al., 2012; 
PALENZUELA et al., 2015; JAGODNIK et al., 2020). 

The paper presents the results of research in one of the pilot 
areas of the safEarth (Transnational advanced management of 
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land use risk through landslide susceptibility maps design), an 
Interreg IPA CBC project. The research area that covers 71 km2 
in the wider Kutina area is known for frequent landslides which 
locally endangers people, their properties and infrastructure. Pre-
vious research of landslides in this area were geotechnical inves-
tigations for landslide mitigation. Regional landslide studies have 
not previously been conducted, but few landslide locations were 
known from recent landslide reports (Report Landslide portal 
https://www.hgi-cgs.hr/prijava-klizista/) and historical landslides 
located on the existing Engineering Geological Map 1:500 000 
(ČUBRILOVIĆ et al., 1967).

For all the aforementioned reasons, there are several objec-
tives of this paper: to define and describe the workflow for the 
creation of a landslide inventory based on detailed LiDAR scan-
ning; to present the landslide inventory and results of its study; 
to document the added value of complemented field and remote 
sensing research in landslide studies.

As for most of the Croatian examples, landslides in this area 
are very shallow and very small, according to FELL’s (1994) clas-
sification (500-5000 m3). In addition, most of the landslides are 
located in forested areas. The advantages of the use of airborne 
LiDAR data in creating a landslide inventory in forest areas are 
also commented on by others (GÖRÜM, 2019; Van den EECK-
HAUT et al., 2007). Therefore, the LiDAR technique was used 
to enable the production of reliable HRDEM. The results of Li-
DAR scanning facilitated the optimisation of field explorations 
that included: geological mapping, sampling, borehole coring, 
in-situ testing and landslide inventory verification.

With the use of raster maps derived from the initial HRDEM 
(hillshade, slope and contour map) a visual analysis was per-
formed within Esri ArcGIS 10.0 software, for the development 
of the landslide inventory. 

The landslide analysis has been performed on two levels. The 
first concerned a general analysis of landslide processes for the 
complete research area scanned by LiDAR, while the second en-
tailed more detailed analysis and field exploration in two pilot 
areas, Kutina North and Kutina South. For the purpose of the de-

tailed investigation of pilot areas, geological mapping at a scale 
of 1:5 000 and engineering-geological prospection were also per-
formed. 

2. GEOLOGICAL SETTING
The total research area covers more than 71 km2 and is located 
on the southwest slopes of Mt. Moslavačka gora situated between 
the city of Kutina and the G. Jelenska settlement.

Considering the geological history, the whole area belongs 
to the Pannonian Basin System (PBS) which represents one of 
the Mediterranean back-arc basins the formation of which com-
menced in the Early and Middle Miocene, due to the collision of 
the African (Apulian) and European plates. The PBS is sur-
rounded by the Alps, Carpathians, and Dinarides and includes 
several differently sized, deep sub-basins separated by a com-
paratively shallow complex of basement rocks (HORVÁTH & 
ROYDEN, 1981; ROYDEN, 1988) (Fig. 1).

Palaeogeographically, the PBS belongs to the area and bio-
province of Central Paratethys. During the Miocene a connection 
between Central Paratethys and the Mediterranean and the Indo-
Pacific Ocean was repeatedly lost and re-established (STEIN-
INGER et al., 1988, RÖGL; 1996; HARZHAUSER & PILLER, 
2007; KOVÁČ et al., 2018). The development of the basin took 
place in two phases. The first (syn-rift) phase was characterized 
by tectonic thinning of the crust and isostatic subsidence, while 
the second (post-rift) phase was marked by subsidence caused by 
the cooling of the lithosphere (HORVÁTH & ROYDEN, 1981; 
ROYDEN et al., 1983; ROYDEN, 1988). In the Croatian part of 
the PBS, the syn-rift phase lasted from the Ottnangian to the Mid-
dle Badenian, while the post-rift phase extended from the Late 
Badenian to the end of the Quaternary (PAVELIĆ & KOVAČIĆ, 
2018 and references therein). 

The existing geological map of the investigated area, at a 
scale of 1:100 000 (CRNKO, 2014), is based on chronostrati-
graphic criteria (Fig. 2). This map enabled understanding of the 
regional geology and the general engineering geological proper-
ties for the whole LiDAR scanned area of 71 km2. For the purpose 

Figure 1. A tectonic sketch of the Pannonian Basin System and its surroundings (after ROYDEN, 1988) showing the location of the research area.
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of this research (under the safEarth project), more detailed geo-
logical mapping at a scale of 1: 5000 was completed for two pilot 
areas (Kutina North and Kutina South; Fig. 3) in order to define 
the geological units based on lithofacies criteria. Besides the more 
precise outlining of geological boundaries, these maps allowed 

further differentiation of some lithostratigraphic units, which is 
needed to determine associations between material properties 
and landsliding processes at specific locations. 

Because of the different scale and different attitude in these 
geological maps, some units have different symbols for the same 

Figure 2. The geological map of the research area, originally at a scale of 1:100.000 (according to: CRNKO, 2014). The map also displays the inventoried landslides 
and two pilot polygons.
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geological material (Figs. 2 and 3). This is the reason why some 
of the described units in the following text are represented with 
two symbols. The first symbol represents the chronostratigraphic 
unit from the 1:100.000 map and the second symbol represents 
the lithostratigraphic unit from the 1:5.000 map. 

Mt. Moslavačka gora represents one of the main surface ex-
posures of crystalline basement within the Neogene sediments 
of the PBS (PAMIĆ, 1990; PAMIĆ et al., 2002). According to 
KOROLIJA et al. (1986) and CRNKO & VRAGOVIĆ (2014) the 
Mt. Moslavačka gora is interpreted as a horst structure formed 
during the Miocene by vertical faulting. The largest part of the 
crystal basement consists of granite rocks, while metamorphic 
rocks of medium to a high degree of metamorphism are less rep-
resented. The granite-migmatite-metamorphic complex of 
Moslavačka gora is in tectonic contact with Neogene deposits, 
and only a small part of their transgressive contact has been pre-
served (CRNKO & VRAGOVIĆ, 2014; CRNKO, 2014). Granites 
of Mt. Moslavačka gora contain K-feldspar, oligoclase, quartz and 
biotite with secondary muscovite (PAMIĆ et al., 1984). 
Moslavačka gora granite, besides the usual granite ingredients, 
contains andalusite and sillimanite. According to PAMIĆ et al. 
(1984) on the north-western part of Mt. Moslavačka gora outcrops 
of fresh granite are rarely found. The structure of granites is fine-
grained (rarely medium to coarse-grained). Zones of grusification 
of granite appear on the surface and they are several metres thick. 
The metamorphic complex, which is preserved only in the form 
of smaller or larger enclaves within granite, consists of homoge-
neous and heterogeneous migmatites (Fig. 4), different types of 
amphibolites and amphibolite schists and paragneiss (CRNKO 
& VRAGOVIĆ, 2014) (Magmatic-Metamorphic Complex; 
MMK). According to PAMIĆ (1990) migmatites were developed 
gradually from the highest-grade amphibolite facies rocks and 

are represented by numerous varieties, but metatexites and stro-
matites are very common. 

In the investigated area, Neogene deposits have a limited 
distribution on the surface. The oldest Miocene deposits are 
freshwater Ottnangian sediments (Daranovac fm. - M2; Dar) dis-
covered in the southeastern and southwestern part of Mt. 
Moslavačka gora. 

The Daranovac formation. (M2) – disconformably (trans-
gressive or fault contact) overlies the crystalline basement. The 
lower part of the Daranovac fm. comprises a few metres of  
weakly lithified rock-fall breccia, conglomerates and gravels (Fig. 
5a). At some places the sand directly covers the crystalline base-
ment. The Middle and upper part of the Daranovac fm. is repre-
sented by coarse-grained deposits intercalated with sandy and 
structureless silty units that may contain thin conglomerate 
lenses. The coarse clastic parts of the sediment in the lower part 
of the formation attain the size of blocks and boulders, and origi
nate from the rocks of the immediate basement (granite, gneiss, 
amphibolites, pegmatites, and rarely gabbro and quartzite) 
(CRNKO & VRAGOVIĆ, 2014). These deposits in the neigh-
bouring PBS areas are interpreted by PAVELIĆ & KOVAČIĆ 
(1999) and PAVELIĆ (2001) as alluvial fan deposits.  

Carpathian deposits (the Glavnica fm. – M3) are mainly in 
tectonic contact with the Daranovac fm. and younger deposits. 
These deposits are poorly represented in the research area. They 
consist of sandy and silty marls, calcareous siltstones, marls and, 
rarely tuffitic sandstones and lenses of fine-grained conglomer-
ates (CRNKO & VRAGOVIĆ, 2014). 

Badenian deposits (Vra-Vej) lie transgressively over, or are 
in tectonic contact with a weathered crystalline basement or lower 
Miocene deposits. The main feature of Badenian sediments is a 
very dynamic vertical and lateral exchange of various lithified to 
unlithified, carbonate-free and calcareous clastic sediments. 

Figure 3. The geological maps of the pilot areas, originally at a scale of 1:5.000. The maps also display inventoried landslides, locations of engineering geological 
field observations and boreholes.



G
eologia C

roatica
87Pollak et al.: Landslide inventory and characteristics, based on LiDAR scanning and optimised field investigations in the Kutina area, Croatia

These are marine deposits consisting of conglomerates, weakly 
lithified, coarse-grained sandstones with locally developed bioac-
cumulated and clayey limestones (Vrapče fm. – M4). Since vol-
canic activity continued from the Ottnangian to the Badenian, 
within the Vrapče fm. tuffites were also registered (CRNKO & 
VRAGOVIĆ, 2014). Structureless marls, that represent the Vejal-
nica fm. are the predominant lithological member of the middle 
and upper Badenian. This unit is mostly composed of thick marl 
beds with rare intercalations of coarse-grained clastics which were 
transported into the basin by gravitational flows, reaching the 
outer shelf (PAVELIĆ et al., 1998; ĆORIĆ et al., 2009). 

Sarmatian sediments (the Dolje and Pećinka formations – 
M5) occur on the southeastern and southwestern slopes of Mt. 
Moslavačka gora in several smaller separate areas (CRNKO & 
VRAGOVIĆ, 2014). The Sarmatian sediments are mainly in tec-
tonic contact with older rocks. They consist of sandy and silty 
marls, sandstones, consolidated gravelly sandstones and lime-
stones that were deposited in a marine environment with reduced 
salinity. The lower Pannonian deposits are present only on the 
southeastern and southern slopes of Mt. Moslavačka gora 
(CRNKO & VRAGOVIĆ, 2014). They are developed as thin-
bedded clayey limestones and marls (Croatica beds or Croatica 
fm. – M6

1; Cro) and structureless marls to sandy marls of the Ba-
natica beds (Medvedski Breg fm. – M6

2; MeB) in the brackish, 
Lake Pannon. Unlike the Croatica fm., which indicates deposition 
in a shallow-water lake environment with low salinity, massive 
marls of the Medvedski Breg fm. suggest a deep-water brackish 
depositional environment (KOVAČIĆ & GRIZELJ, 2006). The 
Lower Panonian deposits are conformably overlain by the marly 
- sandy Abichi beds of the Upper Pannonian (Andraševec fm. – 
M7

1). The Andraševec fm. was deposited in a prodelta – delta 
slope, lacustrine environment (KOVAČIĆ & GRIZELJ, 2006; 
KOVAČIĆ et al., 2004). Distribution of the Andraševec fm. in 

this region is limited to three smaller separate areas (CRNKO & 
VRAGOVIĆ, 2014). From the lower to the upper Pannonian, sed-
imentation was continuous, with more expressed lowering of cer-
tain parts of the horst structure of Mt. Moslavačka Gora. This 
explains why the Upper Pannonian deposits are more widespread 
on the surface, than lower units. The Upper Pannonian or “Rhom-
boidea beds” (Nova Gradiška fm. - M7

2; NGr) are represented by 
multicoloured, coarse-grained to fine-grained sands, with a tran-
sition to silt (CRNKO & VRAGOVIĆ, 2014) (M7

2; NGr) (Fig. 
5b). The sands mostly contain micas (illite-muscovite) and in 
some cases clay minerals. According to their granulometric com-
position, the samples of the Nova Gradiška fm. belong to the well-
sorted silty sands and sandy silts. Medium-grained to coarse-
grained sands are rarely present. They are usually well sorted, 
and contain medium to well-rounded grains. In some cases, they 
contain significant quantity of clay minerals. According to 
KOVAČIĆ & GRIZELJ (2006), KOVAČIĆ et al. (2004) the de-
posits of the Nova Gradiška fm. have been deposited in a delta 
front, shallow brackish, lacustrine environment.  

The sediments of the Middle and Upper Pliocene conforma
bly overlie the Upper Pannonian deposits. They are known as the 
“Paludina beds” (Vrbova fm. – Pl; Vrv) and have the widest dis-
tribution of all Neogene formations of this area (CRNKO & 
VRAGOVIĆ, 2014). Fine-grained to coarse-grained sands with 
gravel lenses or intercalations are dominant (Vrv-s) (Fig. 5d). 
Within these sands, there are interlayers of silt and/or clayey silt 
several metres thick (Vrv-c) (Fig. 5c). Contacts between the sands 
and silts/clayey silts are gradual or sometimes sharp. The depos-
its are structureless with the very rare occurrence of layers. Strati
fication is manifested through sudden changes in the granulo
metric composition and especially lamination in the sands and 
silts. In the middle and upper part of the Vrbova fm., within the 
sands and silts, horizontal lamination is often well expressed 

Figure 4. Field outcrops of cracked migmatites (Mi; MMK).
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(CRNKO & VRAGOVIĆ, 2014). Cross- and trough cross-bed-
ding and lamination can also be observed. The general charac-
teristics of stratification are the same for all levels of the Vrbova 
fm. According to KUREČIĆ (2017), Pliocene sediments were 
deposited in an alluvial environment or in a freshwater lake. 

In the Pleistocene, loess or loess-like sediments (snl) covered 
all older formations. During the Holocene deluvial-proluvial sedi
ments (dpr) formed as a result of surface leaching and torrents 
from the hills of Mt. Moslavačka gora. These are mostly unlithi-
fied or weakly lithified sediments such as sands, silts, marls and 
loess, which have been subjected to relatively easy surface leach-
ing. Recent alluvial sediments have been formed in the valleys of 
the younger river and stream courses (a,ap) (CRNKO & 
VRAGOVIĆ, 2014) .

3. METHODS
The pilot areas were selected according to the lithological diver-
sity in order to define conditions for the activation of landslides 
in various geological materials. Field research in these areas de-
fined the engineering-geological properties and processes on the 
slopes of different geological units with the idea of applying all 
findings to the wider area. This also enabled a better understand-
ing of the material properties, weathering zones and specific be-
haviour for particular lithostratigraphic units. Other than coring, 
sampling and performing in-situ measurements, field verification 
of the landslide inventory has been performed within the defined 

pilot areas. Analysis of the surface roughness for natural slopes 
and landslide areas was also performed to quantify the magnitude 
of disruption caused by landsliding. The roughness data also en-
abled discussion about relative landslide age estimation.

3.1. INVENTORY
Detailed aerial LiDAR scanning (20 dots per m2, and accuracy 
±10 cm) of the research area, which covers more than 71 km2, 
enabled production of a high-resolution digital elevation model 
(HRDEM; 0,5x0,5 m). The analysis and visual inspection of HR-
DEM derivates (hillshade, slope and contour map) and detailed 
orthophoto (10 cm resolution) enabled remote indication of the 
features corresponding to the mass movements, and supported 
creation of the landslide inventory containing more than 1200 
objects (Fig. 6). 

The effectiveness of the visual analysis of LiDAR DEM de-
rivates in building landslide inventories is proved by numerous 
authors (PETSCHKO et al., 2014). Since not all landslides are 
recognised with the same level of certainty, in this research, land-
slides were classified according to the confidence in their identi-
fication. Allocation to the corresponding landslide identification 
confidence levels is based on the visibility and persistence of 
landslide boundaries, landslide body features and their magni-
tude, the freshness of terrain marks and deformations, and mod-
ifications of the original vegetation (Fig. 7). The procedure is 
highly subjective, but is based on simple and clear criteria as 

Figure 5. Field outcrops of: a) matrix supporting, polymictic gravels of the Daranovac fm. (M2; Dar); b) Nova Gradiška fm. sands (M7
2; NGr); c) clayey silt, Vrbova fm. 

(Vrv-c); d) cross-laminated sand, Vrbova fm. (Vrv-s).
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Figure 6. The example of identification of landslide No. 680 through orthophoto, hillshade + contour and slope maps.

Figure 7. Landslide identification confidence levels classification criteria and examples.
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shown in Figure 7. The degree of certainty of identification of the 
slide boundaries has been elaborated by WIECZOREK (1984). 
Similarly, Van Den EECKHAUT (2007) has differentiated three 
classes of slides according to freshness and preservation of the 
typical landslide features visible on LiDAR based derivates. 
Therefore, it is believed that modified criteria suggested in Figure 
7 can attain a high degree of congruence between the different 
experts for future research projects. 

While generating the inventory for the research area, differ-
ent surficial processes were identified: sliding, flowing, creeping, 
rockfalling and excessive erosion. The processes were differenti-
ated according to the morphological features, shape of the poly-
gons, appearance of polygon edges and orthophoto images. 

In summary, the landslide inventory provided, in addition to 
the precisely positioned contours, a database with classified in-
formation about: the type of process, visibility and expression of 
characteristic landslide features, relation to nearest streams or 
other watercourses and landslide identification confidence level. 
The combination of these data and that gathered by field explora-
tions gave us the opportunity to gain a more complete under-
standing about landsliding processes and their relationship to ge-
ological and other influential factors (ZÊZERE et al., 1999).

3.2. FIELD INVESTIGATION
Field investigations in two selected pilot areas comprised map-
ping, sampling, borehole coring, in-situ testing and LiDAR based 
landslide inventory verification.

Field mapping included both geological and engineering ge-
ological mapping at a scale of 1:5000 during which characteristic 
landslides and soil profiles were recognised in more detail, and 
their data classified for databases. The rarely exposed outcrops 
were used for profiling, sampling and probing with a pocket pen-

etrometer. Another purpose of the field prospection was the ver-
ification of LiDAR based landslide inventory. 

The pocket penetrometer test method is used to rapidly eval-
uate the consistency and approximate unconfined compressive 
strength of soils in-situ. An ELE International pocket penetrom-
eter with a 6 mm piston was used, where readings are directly 
expressed as kg/cm2. As there is no standard on how to use a 
pocket penetrometer or evaluate the data, a special procedure was 
applied here which enables the relative comparison of most of the 
materials of concern. To enable the relative comparison of 
‘harder’ soils as well, readings slightly over 4.5 were registered 
as >4.5 kg/cm2, while the cases where no penetration was 
achieved as >>4.5 kg/cm2. This enabled the identification of 
harder sections in soil mixtures.

Characteristic soil profiles and samples of each unit were 
also acquired by shallow core drilling (Fig. 8). 

3.3. ROUGHNESS
The terrain surface roughness analysis is based on a LiDAR-de-
rived DEM with a resolution of 0,5x0,5 m. For the preliminary 
roughness research, a simple calculation of standard deviation of 
slope (SDS) was used. This method is universally applicable for 
geomorphological and landslide analysis because it correctly 
identifies the local variability of the surface, breaks-of-slope and 
smooth sloping areas (GROHMAN et al., 2011; GARRISS, 2019). 
The standard deviation of the slope is also successfully used for 
research in different scales (GROHMAN et al., 2011; ZHANG et 
al., 1999).

The SDS calculation was performed in a 3x3 m moving win-
dow, using the Focal Statistics tool in ArcGIS. Window size is 
dictated primarily by the intention to quantify the variability of 
the terrain surface in very small landslides, but also to identify 
characteristic morphology of the unaffected terrain. The calcula-
tion returns a dimensionless index that is representative of an in-
trinsic property of the surface, invariant with respect to rotation 
or translation (BERTI et al., 2013). 

4. RESULTS
The geological map, originally created at a scale of 1:100 000 
(CRNKO, 2014), displays the spatial distribution of geological 
units which were previously described in Materials and Methods 
(Fig. 2). It is obvious that the northern segment of the research 
area is composed of igneous and metamorphic rocks, mostly mig-
matites and granites. Younger, Neogene sediments of various or-
igin and facies surround crystalline basement and constitute most 
of the central part of the research area. Southern and western 
edges of the research area are dominated by Pliocene sands or 
silty clays and deluvial sediments. Loess sediments irregularly 
cover older bases. 

In order to learn about the engineering behaviour of the ma-
jor geological constituents in the wider area, two pilot areas for 
field explorations at a scale of 1:5000 were located (Fig. 3). The 
field explorations enabled insight into many important additional 
parameters and features which can’t be perceived from remote 
sensing, and aren’t known from previous surveys. The major re-
sults of such a combined approach, analysing remote and in-situ 
data in the pilot areas are presented below. It is important to point 
out that outside the pilot areas, only remote sensing and previous 
geological data were analysed.

4.1. SOIL PROPERTIES
Figure 8. In-situ coring with the Atlas Copco Cobra system and corresponding 
core. The recovered cores are 100 mm in diameter.
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During field mapping and borehole core determination, charac-
teristic shallow profiles for each unit were defined. The field soil 
classification for each layer enabled insight into the predominant 
granulometry for a particular unit (Fig. 9). 

Figure 9 documents the overall predominance of silty and 
sandy materials. Silty materials primarily constitute the weather-
ing zones of marly beds (Vra-Vej) or loess (snl), but are also im-
portant constituents of soil mixtures (al, Vrv, Dar). Sands are 
dominant in the NGr sands and Vrv-s, Dar soil mixtures. Al-
though clayey material is present in most of the units, the clay 
fraction is dominant only in some layers of the dpr, Vrv-c and 

Vrv-s. Gravelly interbeds are noted in the MMK, Dar, Vra-Vej 
but only very rarely in the Vrv-s.

According to GRIZELJ et al. (2017), carbonate minerals, 
clay minerals and quartz are the main constituents of all Miocene 
pelitic sedimentary rocks of the Croatian part of the PBS. Excep-
tions include the analysed Badenian and late Pannonian sedi-
ments from Moslavačka gora Mt. which do not contain carbonate 
minerals. Among clay minerals, swelling minerals (smectite or 
illite-smectite) are the main constituents, while detrital illite and 
kaolinite are present in small quantities. 

Field consistency estimation defines most of the coherent 
soils from the different units as firm (Dar, dpr, MMK, snl), while 
the weathered zone above the marls and carbonate bedrock Vra-
Vej is classified from firm to stiff (according to ISO 14688-1:2002, 
2002). Vrv units have an even wider consistency span, from soft 
to stiff (Fig. 10), which is a consequence of different granulom-
etry of the interlayers.

The penetrometer testing was performed on both the ex-
posed outcrops and the borehole cores. Altogether 620 readings 
were collected for most of the units encountered during the field 
research (Tab. 1). Average readings for all units are over 1 kg/
cm2. The coherent materials can be considered as medium stiff 
to very stiff, or even hard (Tab. 1; according to the Texas Depart-
ment of Transportation, 1999). A lower consistency is recognised 
for the Vrv-c, Vrv-s and MMK units but these units also have a 
higher percentage (> 20 %) of readings outwith the instrument 
scale (Tab. 1). This is congruent with the field estimations because 
it indicates the heterogeneity of the material and documents the 
presence of both very stiff and incoherent interlayers. The Al, dpr 
and snl units are considered as firm but do not have a lot of ‘out 
of scale’ readings which could be the outcome of their material 
and genesis resulting in relatively homogenous properties. Dar 
sediments are also firm, but have a lot of sections where the in-
strument could not penetrate, indicating very stiff and coarse ma-
terial. NGr sands are stiff, which was expected since they lack 
coherent components. Segments of heterogenous weathered zone 
of Vra-Vej are also stiff, but more than 65 % of readings are per-
formed in very stiff material. 

The testing depth is mostly between 30 cm and 2.5 m, rarely 
up to 6 m. According to penetrometer probing at various depths, 
two general trends can be recognised. NGr, snl, al and partly Dar 
have a clear improvement of material mechanical properties with 
increasing depth of the sampling. This could be a very important 
factor influencing the depth of the landslide plane. In other units 
there is no clear trend of material ‘improvement’ related to in-
crease in depth, therefore the presented averages could be con-
sidered as representative of the whole characteristic profile.

Figure 9. The dominant granulometry in layers or zones for each unit. In total, 
a 168 m profile was determined, from 37 boreholes and 67 outcrops.

Figure 10. Field consistency estimations for different materials based on 69 
hand specimens. Proportions of consistency classes represent the percentages 
of the corresponding tests.

Table 1. Pocket penetrometer probing results. The consistency descriptions are based on the test procedure by the Texas Department of Transportation (1999).

Symbol of unit
Total No. 

of readings
Average 

≤ 4.5
No. of readings 

= 0
% of readings 

> 4.6
% of readings

>> 4.6
Consistency
description

al 14 2.02 1 7.14 0.00 stiff

dpr 25 2.34 0 8.00 0.00 stiff

snl 19 2.32 0 10.53 0.00 stiff

Vrv-s 301 1.98 7 11.96 20.60 medium stiff

Vrv-c 74 1.70 0 20.27 20.27 medium stiff

NGr 22 3.85 0 27.27 18.18 very stiff

Vra-Vej 19 3.92 0 26.32 42.11 very stiff

Dar 117 2.69 1 12.82 19.66 stiff

MMK 29 1.29 0 6.90 20.69 medium stiff
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4.2. LANDSLIDES
The landslide inventory for the whole research area contains 1267 
entries of which 359 were validated during fieldwork. Among all 
the registered polygons, only one is classified as rockfall. There-
fore this study is fully dedicated to the investigation of slides 
(1123) and earthflows (143), which are considered as the dominant 
slope gravitational processes for the area. 

The results of landslide cover identification show that the 
majority of field verified landslides are found in forests and wood-
land (62,11 %), with a lesser percentage in shrubs and meadows 
(33,68 %), while the lowest incidence has been associated with 
arable land (4,21 %). Given the fact that this data is obtained for 
less than 10 % of the landslide inventory, estimation of the cor-
relation of landslide occurrence with land use was not performed.

The average slide area is 995 m2, which is considered as very 
small regarding both affected area and depleted mass volume 
(500-5000 m3; FELL, 1994). The average earthflow area is con-
siderably larger at 2 866 m2. The estimated depth of the landslide 
slip surface is mostly 1-5 m for the Dar and Vrv sediments, but 
is even shallower for the MMK unit (Fig. 11). Dar sediments also 
have a larger proportion of very shallow landslides, which is not 
the case for the Vrv formation.

4.2.1. Landslide susceptibility
The proportion of particular units subjected to landsliding can 
indicate landslide susceptibility. As for some other parameters, 
analysis of the unit’s susceptibility is done separately for the pilot 
(detailed mapping) and total research area. 

The analysis of the entire inventory suggests that Pl sedi-
ments (in pilot areas Vrv), are by far the most susceptible to slid-
ing and flowing processes (Tab. 2). Namely, more than 5 % of the 
area corresponding to the Pl unit is affected by slides and more 
than 3 % by earthflows. It can be noted that numerous earthflow 
processes have been identified in the Pl unit. During detailed ge-
ological mapping at a scale 1:5000, the same unit has been di-
vided into areas with a predominant sandstone content (Vrv-s) 
and the clayey layers or lenses (Vrv-c). Comparison of the two Pl 
components shows that the Vrv-c, or clayey layers, are more sus-
ceptible to flowing processes (Tab. 2). Therefore, distinction of 
two lithostratigraphic segments within the Pl unit enabled a bet-
ter understanding of the behaviour of this complex deposit. 

Particular Miocene deposits, M2 (Dar) and M7 (NGr), can 
also be considered as susceptible to landsliding given that more 
than 1.5% of their area is subjected to sliding. The same units 
also have a noticeable percentage of earthflow processes (around 

0.5 %) which is expected with regard to the predomination of 
sandy fractions. 

The susceptibility to landsliding of other units is mostly 
much lower. Units A, b, M5 and v are poorly represented in the 
research area and, throughout this investigation, no evidence of 
landsliding processes in these units was detected. This however 
doesn’t mean that these units are not susceptible to landsliding. 

4.2.2. Landslide field verification and identification  
confidence
As presented above, the landslide inventory is based on the visual 
inspection of remote sensing data. 

Field verification in the pilot area confirmed almost 300 land-
slides and rejected nearly 50. Most of the rejected ‘landslides’ were 
initially detected with very low confidence, but after field prospec-
tion were disregarded, due to a lack of typical landslide elements. 
Some of the rejected ‘landslides’ are the consequence of excessive 
erosion processes on the steep gully banks, which have a similar 
morphological appearance to landslides. Field inspection also al-
lowed recognition of landslide generations or initiated merging of 
previously detached landslide polygons. The corrected and im-
proved inventory is subjected to analysis in this paper.

Figure 11. The estimated depths of 71 landslides from the pilot areas.

Table 2. The basic statistics derived from geological maps (at scales of 1:100 000 
and 1:5000) and landslide inventory, representing area and number of landslides 
per individual unit. The units are sorted according to landslide susceptibility go-
ing from highly susceptible at the top. The table contains data for the research 
area (1:100 000, black characters) and corresponding units in pilot areas (1:5000, 
grey characters). 

Symbol  
of unit

% of area per 
unit

No of slides 
polygons

% of slide area 
per unit

No of 
earthflows 
polygons

% of 
earthflow area 

per unit

Pl 9.24 357 5.16 76 3.03

Vrv-c 4.53 88 5.15 39 5.18

Vrv-s 43.00 409 5.07 68 2.25

M2 8.75 132 2.04 13 0.43

Dar 16.47 92 3.95 4 0.16

M7 35.14 509 1.65 61 0.65

NGr 4.81 16 4.10 1 0.49

Γ 2.42 31 1.29 -

Mi 6.33 64 0.98 1 0.02

MMK 12.59 26 1.10 - -

M6 3.36 6 0.66 1 0.03

MeB 0.13 1 10.82? - -

l 18.02 80 0.57 8 0.04

snl 1.21 - - - -

M4 4.47 17 0.24 2 0.08

Vra-Vej 4.04 3 0.46 - -

dpr 6.51 17 0.26 1 0.01

dpr 8.04 4 0.20 1 0.29

a,ap 5.56 9 0.08 -

al 5.17 7 0.48 2 0.12

A 0.02 - -

b 0.13 - -

M5 0,02 - -

v 0,05 - -

Area No of slides Area of slides
No of 

earthflows
Area of 

earthflows

TOTAL
71.52 km2

15.61 km2
1123
646

1.11 km2

0.54 km2
143
115

0.40 km2

0.20 km2
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The methodology for landslide identification confidence is 
defined as described above with results of the evaluation pre-
sented in Figure 12. It is evident that most of the inventoried land-
slides in the research area are identified with low confidence. The 
reason for lower visibility and clarity of the landslide elements in 
a number of cases can be twofold: ‘older’ landslides have masked 
contours and settled body elements due to the effects of time, or 
very shallow and slow landslides with gentle and small defects. 
Well-developed and easily recognisable landslides are found in 
units that also are highly susceptible to landsliding (Fig. 12), in-
cluding the Pl (Vrv), M7 (NGr) and M2 (Dar) deposits. Although 
there are significantly less landslides in the weathering zones of 
loess (l) and metamorphic bedrocks (Mi), these units also have 
“fresh” landslides of high or medium confidence levels. 

4.2.3. Landslide spatial distribution
It is noticed that the majority of the inventoried landslides are lo-
cated above streams or other water courses and usually form 
grapelike clusters (Fig. 13). Namely, the research area is charac-
terised with a dense network of gullies, channels and valleys (Fig. 
3, Fig. 13). The banks are usually the steepest segments of the 

terrain. The active incision of the water course into the soil ma-
terial starts sapping the banks which initiates landsliding. 

Such slides are dominant over the whole research area, and 
are most frequent in all units, excluding the Dar deposits (Fig. 
14). This could indicate that the main triggering factor in almost 
all lithographic units is the action of water. Higher precipitation 
causes an increase in water flow and even flash floods at the base 
of the gullies, which induces erosion of the foot of the slope and 
initiates landsliding. Also, more permeable sandy materials 
which are frequent in the research area (Pl (Vrv); M2 (Dar); M7 
(NGr)) are more easily saturated with water, which may initiate 
earthflows.

5. DISCUSSION
The presented results demonstrate that the predominantly clayey, 
silty or sandy lithofacies units (Vrv, Dar, NGr) are prone to land-
sliding (Tab. 2). Weathering zones of hard bedrocks (igneous/
metamorphic rocks, marls or limestones) may have similar gran-
ulometry, but are less susceptible to sliding (MMK, MeB, snl, 
Vra-Vej) due to their different mineralogical content and limited 
thickness of the weathering zones. Alluvial materials also have 
unfavourable granulometry and mineral content, however these 
sediments are mostly found on mild slopes or planes and there-
fore have a lower number of active processes. The susceptibility 
of other units which are poorly represented in the research area 
is unknown (A, b, M5, v). 

5.1. LANDSLIDE TYPE DIFFERENTIATION
Two types of landslides are differentiated according to the failure 
and transport mechanism which influence their present morpho-
logical features. Sliding could be described as a mass movement 
with a distinct zone of weakness (failure surface), that separates 
the displaced mass from more stable underlying material (VAR-
NES, 1978). The displaced material in slides may move along a 
failure surface with little internal deformation. The flow is de-

Figure 12. The landslide identification confidence levels for different units with-
in the overall research area.

Figure 13. Polygons of grapelike landslide clusters (coloured green) around water courses presented on hillshade map.
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fined as a continuous movement in which failure surfaces are 
usually not preserved (CRUDEN & VARNES, 1996). The dis-
placed mass undergoes liquefaction and runs or flows as a viscose 
liquid. The gradation from slides to flows depend on water con-
tent and material mobility.

During the investigation of the area, the slides and earthflows 
were differentiated according to specific morphological features 
and shapes of the polygons. The slides are usually recognised as 
relatively compact, with more regular contours than earthflows. 
From the orthogonal viewpoint, the main body of a slide is usu-
ally oval or slightly elongated, but also irregular or fun-shaped 
(Fig. 3, Fig. 15). The majority of the slides are symmetrical, with 
a characteristic arc-shaped main scarp and toe. In some cases, 
secondary scarps and other cracks are also visible. 

Slides mainly occur on the banks of the gullies and the trig-
gered material moves perpendicular to the direction of the stream 
(Fig. 15). Because of that, the slide foots are frequently eroded by 
the streams. The earthflows usually follow water channels, gul-
lies or valleys (Fig. 15). Therefore, transportation of depleted ma-

terial is parallel to the local depression and stream, sometimes 
causing skewed or even cornered contours (Fig. 15). 

Earthflows are usually elongated and have a characteristic 
“hourglass” shape (Fig. 3). Their main scarp contour is frequently 
irregular or jagged (Fig. 15). In rare cases the main scarp is arc-
shaped similar to the vast majority of the slides. In an ideal case, 
where there is enough room in the foot plane for colluvium ma-
terial, the earthflow toe has a fan-like shape. In other cases, the 
toe geometry is dictated by the local topography in the zone of 
accumulation. 

5.2. LANDSLIDING IN GULLY BANKS 
The research area is characterised by a relatively dense network 
of gullies. Over geological time, the drainage canals are cut into 
the bedrock forming various types of gullies and valleys. Deep-
ening and widening of the gullies together with the action of wa-
ter causes high pore pressure, liquefaction and seepage forces, all 
of which can initiate landsliding in their banks (RECKENDORF, 
2009). Naturally, these processes are accelerated by high precip-
itation or extremes because of changes at the watershed and/or 
reach level.

The bank instabilities are also influenced by the size and 
morphology of gullies and physical and mechanical properties of 
the rock material forming the banks. Considering these facts, four 
different models of landsliding in gully banks can be differenti-
ated:

1. �Slides on top of rock masses – extremely small and shal-
low slides in the base of steep and narrow gorges (Fig. 16a)

The depleted material represents the regolith layer on top of 
the rock mass. The size of the instability is dictated by the thick-
ness of the soil cover on top of the bedrock. In cases of thin cover 
material, landslides are very shallow and rare.

It is visible that harder bedrock material, with colluvium 
cover, (Mi, MMK) forms steep and narrow gorges. In such set-
tings, landslides are infrequent, but several extremely small and 
shallow (< 2 m) slides are recognised (Fig. 16a). 

2. �Slides in firm soil mixtures – extremely small to very 
small and shallow slides on steep banks (Fig. 16b)

The soil material is a poorly sorted mixture of the different 
fractions (from silt to gravel), and is dominantly incoherent, firm 

Figure 14. Estimated relationships between landslides and water courses in the 
pilot areas for different units.

Figure 15. 3D perspective of group of typical landslide types (slides - green; earthflows - red).



G
eologia C

roatica
95Pollak et al.: Landslide inventory and characteristics, based on LiDAR scanning and optimised field investigations in the Kutina area, Croatia

to stiff, susceptible to water erosion and slightly permeable. For 
those reasons, flows are rare but if steep banks are formed slides 
may be very frequent.

Such processes are characteristic for Dar sediments which 
form characteristic wide, deep ravines with steep banks in which 
sliding is frequent. The slides can involve the top or bottom of 
the banks and are frequently very shallow (<2-3 m) and small 
(Fig. 16b). In these materials, flows are rarely evidenced. 

3. �Landslides in sands - very small and shallow slides and 
flows on moderate slopes of ravines (Fig. 16c)

Pure NGr sands have a specific behaviour because of the 
very lightly cemented or compacted grains. The sands demon-
strate slight cohesion and are stiff, but are highly permeable and 
susceptible to water erosion. This material forms very wide and 
deep ravines with moderate or even steep slopes. The slides and 
flows are frequent, cover a bigger area and are up to 5 m deep 
(Fig. 16c). The streambank slides are frequently initiated by the 
rapid incision of the stream and exceeded critical bank height. 
Typical flows are also very common. 

4. �Landslides in dominantly coherent soil complexes - very 
small to small and shallow landslides on mild slopes of 
ravines (Fig. 16d)

The soil complex is composed of permeable (silty sands) and 
impermeable (clays and silts) interbeds or lenses. This material 
forms very wide ravines with mildly inclined slopes (Fig. 16d).

Ravines with relatively mild banks are characteristic of the 
Pliocene sediments. Specific lithology identifies this unit as the 
most susceptible to landsliding. Both slides and flows are very 
frequent. In comparison to other units studied, these landslides 
are the largest with estimated depth to 5 metres. Irregularly 
shaped slides and flows are frequent. Several generations of some 
slides also occur. This unit also has the highest percentage of 
highly rated landslides in concordance with recent landsliding 
which has been reported in the past decade by local authorities. 

5.3. RELATIVE LANDSLIDE AGE AND ROUGHNESS
It is known that landslide features are modified over time by nat-
ural processes, therefore, in this research, attention is also fo-

cused on the magnitude of deformation and its relationship to the 
relative age of the landslides.

Although criteria used here for relative age classification are 
similar to the recommendations of other authors (McCALPIN, 
1984; KEATON & DeGRAFF, 1996; BELL et al., 2012; 
PETSCHKO et al., 2014), the absolute landslide ages remain un-
known and may differ significantly to the McCALPIN (1984) 
classification (which covers landslides from less than hundred to 
more thousand years). It’s mainly because other studies predom-
inantly discuss much larger landslides of different types and ge-
ology, and in different climate conditions, all of which influence 
the erosion processes and time until they become unidentifiable. 

As already explained, during visual inspection of the LiDAR 
derivate maps, landslides were differentiated according to the 
magnitudes of deformations and clarity of the specific landslide 
features producing landslide identification confidence (Fig. 7, Fig. 
12). These data were supplemented during field prospection with 
observations about the freshness of landslide scarps, contours, 
fractures and other features. Similar complementation of LiDAR 
and field data was used to map landslides in forest areas of Flem-
ish Ardennes in Belgium (Van Den EECKHAUT, 2007). The 
field verification also enabled the identification of vegetation 
cover for altogether 95 objects, together with gathering the infor-
mation on tilted and bent threes, as well as generations of woods. 
In cases where landslides affect infrastructure or households, the 
approximate date of landslide activation is determined from lo-
cal residents or existing landslide reports. If landslides were (re)
activated between airborne LiDAR scanning and field prospec-
tion, they were considered as recent (< 1 year). From all of the 
aforementioned attributes, four classes of landslide relative ages 
were designated: recent, young, mature, old. Similarly to the Mc-
Calpin classification (1984), young, mature and old landslides can 
be considered as inactive, but recent landslides can be active or 
inactive.

The relative ages of more than 120 landslides is estimated 
during engineering geological mapping (Fig. 17). According to 
the evaluation, Vrv-S sands have the highest percentage (20%) of 
recent landslides, followed by the MMK weathered zone (15%) 
and Dar deposits (12%). It is important to draw attention to the 

Figure 16. A sketch of a typical slide in a) on top of rock masses; b) firm soil mixtures; c) sands; d) dominantly coherent soil complexes.
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relatively low number of landslides prospected in the MMK unit 
that may influence the relevance of this conclusion. 

Although it is shown that estimation of relative landslide age 
is possible, there are insufficient data to correlate these classes to 
an absolute scale. Consequently, absolute landslide ages remain 
unknown.

Another problem of relative age estimations are slow move-
ment slides or creeps (BELL et al., 2012). That type of movement 

produces a very mildly undulated surface without landslide con-
tours which may be similar to old landslides.

The overall average roughness of the terrain surface in the 
research area is 1.76. The roughness of natural slopes for particu-
lar units differ according to lithology and topographic position 
(Fig. 18). It is clear from the presented results, that hard bedrocks 
have higher average roughness (Fig. 18 - blue bar; Mi, Γ) with 
mean SDS values around 2. Higher roughness is also noted for 
the Pl clastic sediments which are very susceptible to water ero-
sion and have a dense network of gullies and water incised chan-
nels, but are also frequently cultivated (discussed further below). 
Gabbro and amphibolite also have slightly higher SDS values (> 
1.7) than all the other sedimentary deposits. Namely, all Miocene 
clastic sediments, loess, deluvial and alluvial Quaternary sedi-
ments have SDS values below 1.7.

Landslides have much higher average SDS values than intact 
areas: 2.95 for slides and 3.00 for earthflows. In all the affected 
units, the average landslide SDS values are much higher than for 
natural slopes (Fig. 18). The rise in SDS values is from around 25 
% to over 100 %. 

Most of the lithological units have average landslide rough-
ness SDS > 2.5 (Fig. 18). The landslide freshness or even visibil-
ity can be disrupted by human activity, but anthropogenic “mask-
ing” of landslide features can be considered here as minimal since 
just several registered landslides are found around households or 
on cultivated land.

If it is supposed that the same lithology in similar natural en-
vironment generate analogous landslides with comparable mag-
nitudes of features which are then equally weathered/eroded dur-
ing time, the present roughness may correspond to landslide age. 
Therefore, the roughness quantification could help in the determi-
nation of relative landslide ages. For this purpose, the roughness 
for each particular landslide is averaged (Fig. 19). The presented 
example demonstrates how a subjective visual impression of land-
slide roughness can be quantified, providing quantitative rough-
ness data. It is evident that landslide no. 159 has the highest rough-
ness with an average SDS159 = 3.32 as opposed to landslide no. 323 
with an average SDS323 = 1.87. Somewhere in between is landslide 
no. 321 with average SDS321 = 2.54. Since all of the landslides are 
formed in comparable morphological and geological environ-
ments, the field estimations of their relative ages are compatible 

Figure 17. Estimation of relative landslide ages based on LiDAR derivates and 
field prospection in the pilot areas for 137 landslide polygons.

Figure 18. The average roughness of natural slopes in particular units compared 
to average roughness in slide and earthflow polygons. Total area of slope anal-
ysis is 71 km2, total slide area 1.1 km2, total earthflow area 0.4 km2.

Figure 19. The procedure for roughness quantification going from left to right: HRDEM (here visualised by hillshade) ® slope ® SDS ® average SDS for landslides. 
The example from pilot area Kutina south presents landslides with following average SDS values: SDS323
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with average SDS values indicating landslide no. 159 as the young-
est, then no. 321 and finally no. 323 as the oldest. 

Accordingly, the comparison of all relative age estimations 
and corresponding roughness values displays a clear trend of di-
minishing landslide roughness with time (Fig. 20). That means 
that roughness might be used to quantify relative landslide ages. 
This should be done with great care because roughness is also 
influenced by other factors including: lithology and material 
properties, landsliding type, volume and depth of the depleted 
material, and the period of the dormant stage.

Therefore, the determination of more details for each par-
ticular landslide is needed for further landslide roughness stud-
ies. More exact research of roughness and landslide age correla-
tions should involve determination of their absolute age 
(LAHUSEN et al., 2016).

It’s important to point out that in this analysis, the human 
impact on the average roughness of slopes was not evaluated. 
Namely, it is apparent that a great resolution of the DEM and slope 
data detects edges of household parcels, road edges, cuttings and 
plowing marks, all of which raise the roughness of the natural 
terrain. Alternatively, flattened terrain at infrastructure locations 
smooths natural terrain irregularities. Therefore, in further stud-
ies anthropogenic interventions, natural ravines and gullies 
should be filtered from the detailed analysis of roughness of nat-
ural slopes. 

6. CONCLUSIONS
The paper presents the results of LiDAR scanning and field re-
search of landslides in the wider Kutina area. High resolution Li-
DAR scanning of the research area enabled the production of a 
very detailed terrain model supporting development of the land-
slide inventory which, up to now, contains 1267 records. Regis-
tered landslides are very small and therefore are not catastrophic, 
but at some locations landslides caused material damage and still 
represent a threat. Also, landslides affected more than 2 % of the 
research area and collectively influenced the local geomorpho-
logical setting. 

The landslide identification was based on LiDAR derivates 
and orthophoto images. Since not all of the characteristic fea-
tures are always recognised, the inventoried landslides were dif-
ferentiated according to the identification confidence levels into 
three classes: low, medium and high. The confidence levels are 
based on the visibility and persistence of landslide boundaries 

and the magnitude of landslide body features. During field 
prospection, these data were supplemented with observations 
about the freshness of landslide features and changes or defects 
in vegetation, altogether enabling estimation of relative landslide 
age. Although it is shown that estimation of relative landslide age 
is possible, there are not enough data to correlate these classes 
to an absolute scale.

In addition, roughness analysis based on the standard devia-
tion of slope (SDS) was performed. The analysis displays signif-
icantly higher average roughness of landslide areas (SDSslides=2.95; 
SDSearthflow=3.00) than the surface roughness of unaffected slopes 
(SDSnatural=1.76). It is presented that the roughness of the land-
slides depend on several parameters: lithology and material prop-
erties, landsliding type, size and depth of the depleted material, 
and on the period of the dormant stage. Therefore, we can con-
clude that the roughness of a particular landslide is also a conse-
quence of its age. That trend is also evident in a direct compari-
son of relative landslide ages with their roughness. Despite this, 
further research is needed to test the usability of the roughness 
data for estimation of relative landslide age on larger areas.

In the research area, different geological materials are found: 
igneous-metamorphic complex, marls, loess, different clastic sed-
iments, deluvial and alluvial materials. The study detected the 
highest percentage of recent landslides in geological units which 
are  very susceptible to landsliding. For that reason, the majority 
of the future processes can be expected in the following geolog-
ical materials. The Pleistocene silts and sands (Vrv-s) with clayey 
interlayers (Vrv-c) are by far the most susceptible to landsliding 
with more than 5% of the area affected by slides and more than 
3 % of the area by earthflows. M2 (Dar) silty sands and gravels, 
and M7 (NGr) sands can be considered as very susceptible to 
landsliding because of > 1.5 % area subjected to landsliding. The 
same units have a noticeable percentage of earthflow processes 
(around 0.5 %).

The research area is characterised by a dense network of gul-
lies, channels and valleys. Their banks are usually the steepest 
segments of the terrain which stimulates landsliding. Slides on 
the gully banks are predominant over the whole research area, 
and are the most frequent in all units, excluding the Dar deposits. 
As a consequence, landslide polygons are arranged in grapelike 
clusters.

Hillshade and slope raster maps also indicate that various 
lithologies affected the morphology of the gullies. This also has 

Figure 20. The comparison of roughness values (standard deviation of slope – SDS) and relative age estimations of 110 landslides from pilot polygons.
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significant impact on instability processes. For example, hard 
rock masses with a relatively thin soil cover form steep gully 
banks and extremely small and shallow slides at their bases. On 
the other end, coherent soils form significantly milder valley 
flanks with very small to small and deeper landslides. In addi-
tion, incoherent materials, dominantly sands or sandy soil mix-
tures are also prone to flowing processes forming earthflows. 
Following all relevant results of this research, four different mod-
els of landsliding related to bank instabilities are differentiated 
and described: slides on top of rock masses; slides in firm soil 
mixtures; slides in sands; slides in dominantly coherent soil com-
plexes.

This study also documents and describes differences in mor-
phological features and contours between slides and earthflows.

The presented results and conclusions ascertain the advan-
tages of and need for complementary field investigations and Li-
DAR scanning for landslide processes exploration. Since very 
small and shallow landslides predominate, high precision and 
resolution for LiDAR scanning are vital. Detailed LiDAR scan-
ning revealed many unknown and important facts about the geo-
morphology and landslide processes of the research area, while 
also directing and optimising field mapping and sampling. 
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